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I. INTRODUCTION

This paper has a twofold purpose: (1) to discuss basically the
nature, properties, and production of laser materials, and (2) to present
an extensive bibliography of the literature that contains additional in-.
formation on possible laser material and their properties.

So far, laser action has been reported in gases, crystalline solids,
and glasses. This leaves only the liquid state as nonproductive. The
close similarities betweenthe "str_cture" of liquids and glasses would
lead one to believe that laser action in someliquids might also be pos-
sible. (In the last year, while this paper was in preparation, worker
at Hu_hesobserved laser action in sevenorganic liquids.) In this paper,
wewill discuss only the crystalline and glassy states. Theapproach
will be from the point of view of material science, the material being
the important thing, not the possible laser action.

1.1 Requirements of a Laser Material

A laser material consists of a laser ion contained in a host

lattice (crystal) or carrier material (glass).

There are requirements for both the ion and i_s carrier. The

requirements for the ion are that it has incomplete shells, (a transition

element), and have the proper energy levels, relaxation time, and narrow

line width. These requirements are met, for example, by the rare-earth
elements.

The requirements for a crystal lattice are that it be able to

accept the desired ion and that it have good transmittance in that part

of the spectra where the laser is to work. It must be possible to grow

single crystals that are large enou_ to use and are of good quality.

The crystal must be chemically and thermally stable. Also, the crystal

should ideally be isotropic, or if anisotropic, uniaxial.

The requirements for a glass laser are not well known, but it

must have good transmittance in that part of the spectra where it is to

operate.

1.2 Organization of This Paper

This paper has five tutorial review sections in addition to the

introduction. In the first four sections, matters basic to crystalline

or glass laser materials will be discussed. The fifth section deals with

the nature of laser ions, in particular, rare earths. All these will be

considered in a basic way, but the bibliography presents sources where

details on any of the subjects covered, as well as others, can be found.
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Crystallography is discussed in Section II. This is done
becauseof the effect that the internal arrangementof crystals has on
laser action, and also the effects produces on the laser ion by its
crystal field. In Section III, crystal chemistry will be discussed_ this
is presented becauseit explains into which structures one might be able
to "dope" a desired ion.

Section IV deals with methodsof crystal growth and the types
of crystals theymay produce. In Section V the structure, chemistry, and
spectral properties of glass are discussed in order to provide a general
backgroundin glass, which maybecomean important laser material. Finally
Section VI is concernedwith the general nature of the rare earths and
actinlde ions, becauseof their interesting spectral character.

Thebibliography is divided into two parts. Part A contains
someof the better or more recent reference books, review articles, and
bibliographies, on someof the subjects related to laser materials° Also
listed are abstracts and relatedmaterials where additional information
on these and other subjects maybe found. It is not the intention of this
portion of the bibliography to give a complete llst of references on the
subjects covered.

Part B is a partially annotated bibliography of specific
references on a group of subjects related to lasers and laser materials°
The contents3 sources of references, and degree of coverageof each
section are given at its beginning. For the most part the abbreviations
used for Journals are those adoptedby Chemical Abstracts.

Though every attempt was made to remove all mistakes from the

bibliography, this was almost an impossible task for one person on a

compliation of more than 2,000 references. Any mistakes are those of the

author, and for these he apologizes.

2



II. CRYSTALLOGRAPHY

Crystallography is the study of the external geometry and internal

structure of crystalline solids. We are interested in crystallography

because of the effect that internal structure has on the laser properties

of a crystal. The information that we want from crystallography is thus,
the nature of the internal arrangement. The information that is usually

presented in the literature is based on a system of crystallographic

notation; it is this system of notation that we will discuss in this

chapter. The sources of crystallographic information are given in the

bibilography.

2.1 Cr_stal System Notation

In order to study the internal structure of crystals a brief

look will be taken at the external development of faces and the classi-

fication of crystals. To define the position of faces occurring, on

crystals, straight lines are assumed to pass through the ideal center of

each crystal. These intersecting llnesare the crystallographic axes,
and are used to divide all crystalline matter, on the basis of symmetry,

into six, or according to some, seven groups called crystal systems. The

axes also serve the purpose of coordinates when geometrical drawings of

crystals are made. All crystals except those of the hexagonal system are

referred to three axes, and in the hexagonal four axes are used. If the

lengths of the axes needed to describe the crystal are the same, each

axis is referred to by the letter a. If the axes are not alike, the one

extending from front to rear is designated the a axis, the axis from right

to left, the b axis and the vertical one is termed the c axis. The

opposite ends of the axes are made positive and negative as shown in

Figure 2.1a.

-b

+0

+C +C

-o

+b +b
+0

-C

(o)

-C

(b)

Fig. 2.1. The axial cross



Also used in division into systemsare the angles of intersection
of the axes° The angles between the various axes are designated as shown
in Figure 2.1 bo The systemsmaybe classified by meansof the axes and
angles as follows:

o

Cubic or Isometric System

Three identical axes intersecting at right angles° Axes are designated

aI, a_, as (See Figure 2.2 a) o

Hexasonal System

Four axes, three of which are identical and lie in the same horizontal

plane, and intersect each other at 120 °, The fourth axes is perpendicular

to the plane of the other three and is either longer or shorter° The three

horizontal axes are designated al, as, as, and the other is designated c

(Figure 2.2 c). Some subdivide the hexagonal into hexagonal and trigonal

or rhombohedralo

Tetra6onal System

Three axes, two of which are identical and in horizontal plane and

at right angles to each other° The third is vertical and at right angles

to the others° Horizontal axes are aI and am, and the vertical is co

(Figure 2°2 b)

0rthorhombic System

Three unequal axes intersecting at right angles° The axes are

designated as shown in Figure 2°2 d

Monoclinic System

Three unequal axes, two of which (a,c) intersect at an oblique angle

B, the third axis is perpendicular to the other two°

Triclinic Syste_

Three unequal axes intersecting at three angles other than 90°

is thus possible to place all crystalline materials into one of these

divisions or systems°

It

2°2 Wei_ Parameters and Miller Indices

Crystal faces are defined by rational multiples of their inter-

cepts on the crystallographic axes. A face may intercept all the axes,

intercept two and be parallel to the third or intercept one and be

parallel to the others° The relative distance of intersection in terms

of the lattice constants (ioeo the characteristic length a, b, c along

the crystal axes) on each axis are the Weiss parameters of the face°
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The reciprocals of the intercepts are the Miller indices, the most

universally employed method of describing planes or faces of crystals.
The Miller indices are cleared of fractions and written in order hkl

(thesebeing the intercepts on the a, b, and c axes) without ratio sign,

even though both the Weiss parameters and Miller indices are ratios.

+C

-a

-b +b

+a ;' I

-C

Fig. 2.3. Axial intercepts

For example in Figure 2.3 the plane ABC (crystal plane or face

hkl) has the intercepts 1 on the a, 3 on the b, 1 on the c, the Miller

indices are _: _: _ or clearing 313. If the plane had intersected the

negative ends of the axes the indices would have been written 313.

The Miller indices are usually small numbers or if the faces are

parallel to the axes the intercept is _, the Miller index is zero,

as in OO1 where the plane is parallel to a and b and intercepts only c.

Well-developed faces are commonly parallel to planes of the

highest point density (planes that contain the greatest number of lattice

points) in the structure these planes also usually have simple indices.

Miller indices are thus the reciprocals of lattice parameters cleared of

fractions. Figure 2.4 show some crystals and the Miller indices for the
faces.



/-"!_ J 010

/

i

I00 .._
4r"

/

/

Cubic

-a Z

c

J _a I

al _

-C

103,,_013

az 'L__oIi"

103----'_" " 013

Tetragonal

,,.oo,o A o
/r,'_ t

t'. -t,
i / \

Hexagonal
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2.3 The Lattice

A crystalline substance is made up of atoms and ions arranged

in some orderly manner° The basis of the order is repetition of the

atoms or ions into a three dimensional periodic arrangement. This periodic

arrangement can be described by means of a basis and a lattice as follows_

A lattice is by definition a parallel net-like arrangement of points in

which the enviromnent about any point is the same in every way as that

about all other points° If we consider the basis as the smallest collection

or unit of atoms in crystals having the same arrangement orientation and

composition repeated throughout the crystals, it is then possible to form

a crystal structure by associating with each lattice point a basis° This

is illustrated in Figure 2°5.

We will now consider the nature and the development of different

lattices° If we first consider one dimensional repetition and to point A

apply successive

t t tI tA.__._L___>. >. >

translations tI we generate a row of points° If we now move to two

dimension and add an additional translation tm we get a planar net built

Upo

t_ 0

%

If we consider the two translations tI and _ and the included angle T,

we find that there are only five possible planar nets, consistent with

crystal structures, and these are shown in FiEare 2°6°

8
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The addition of a third non-coplanar translation t s generates
a three-dimensional array of points referred to as the space lattice or

just the lattice. Bravais in 1850 showed that there are only 14ways of

filling space with points, thus the space lattices are sometimes referred

to as Bravais lattices; these are shown in Figure 2.7.

The space lattice is built up of three-dimensional units whose

sides are tl,tm, and ts. This unit or parallelepiped is repeated through-
out space (the crystal), with the environment about every point being

identical with that about all other points. The simplest parallelepiped

of a lattice with the edges parallel to the crystal axes is called the

"unit cell." If lattice points are only at the corners of this cell, it

is called primitive, and contains only one lattice point. If, however,

the unit cell has additional points, not at the corners, it is a multiple

cell. There are five different types of cells that are chosen in

crystallography. They are as follows:

Primitive cell. Points only at the corners of cells and designated by P.

(1 point per cell).

BOd_ centered cell. Points at corners plus a point at cell center
designated by I. (2 points per cell).

Full_ faced centered cell. Points at corners plus points at c_n_ers of
all faces designated by F. (4 points per cell).

Face centered or C centered cell. Points at corners plus points in center

of opposite faces designated by C. (2 points per cell).

Rhombohedral cell. Points only at corners of rhom_o_edral cell designated

by R.-(1 point per cell). See Figure 2.7.

The 14 space lattices and their distribution among the six-

crystal system are shown in Figure 2.7.

2.4 S_mmetr_ Elements in Crystals

Symmetry is a correspondence of parts. Crystals have both

external and internal symmetry, the external symmetry being a result of

the internal symmetry. When a pattern (internal and external) is

repeated, some basic geometrical element that produces the repetition is

required. The elements can be considered as a few simple geometrical

operations and are called the elements of symmetry. The elements of

symmetry are translation, rotation, reflection, and inversion° The

operators that produce these are the rotation axes, plane of symmetry,

and the inversion center. The symmetry operations are shown in Figure 2.8.

Plane of S_mmetr_. A plane of symmetry is said to exist when for
each point (interior and exterior), face, edge, or solid angle on one side

of the plane there exists a like element on the opposite side of the plane°

(The symbol m is used for a plane.)

ll
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Axis of Symmetry. If a solid can be revolved through a certain

number of degrees, about a line as an axis, with the result that it again

repeats its position in space, that axis is an axis of symmetry. The axis

is defined according to the number of times it repeats a face in a rota-

tion of 360 °. For example, a four-fold axis means that the solid is

symmetrical with respect to rotations of 900 about the axis. Buerger

(1956, pp. 31-34) shows that in crystallographic considerations only l,

2, 3, 4, and 6 fold axes are possible.

Inversion center. A crystal has a center of symmetry if an imaginary

line passed from a point on its surface through the center emerges at a

similar point, at equal distance from the center, on the opposite side.

(A combination of rotation and inversion, the axis of rotary, inversion is

given the usual fold number with a bar such as l, 2, 3, _, and _).

Translation repeats objects, atoms or ions, moved equal distances in

some fixed direction and is applied only to internal symmetry.

Symmetry and symmetry notation will now be discussed with respect

to the concepts of point groups and space group.

Translation Reflection

Rotation Axis

l/f f #

Inversion Center

Fig. 2.8. Symmetry operations
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2.5 Point Group Symmetry of Crystals

If you consider all the non-rednndant non-translational symmetry

elements that a crystal has, this set of symmetry elements can be used to

describe the symmetry of the crystal. It can be shown that there are only

32 possible combinations of the various symmetry elements (see Buerger,

1956, Chap. 6) giving rise to the 32 point groups or crystal classes which

are shown in Table 2.1. NOtice that the symmetry elements, or geometrical

operators, of a crystal class, or point group, are always regarded as

passing through a single point, which is the origin of the crystallographic

axes. This point is thus not repeated by the symmetry operations. This

leaving of one point unmoved excludes the presence of translational opera-

tions. It has al_eady been mentioned that we are limited to axes of one,

two, three, four, and six fold rotation and inversion. These alone or in

combination with mirror planes give rise to the 32 possible crystallo-

graphic point groups, or those groups of symmetry operators which can

operate on an infinite three-dimensional lattice so as to leave one point

unmoved. Therefore, the point symmetry of any particular crystal can be

classified by specifying the point group to which it belongs. Since the

crystals are also classified by the six (or seven) crystal systems, it

is evident that more than one point group belongs to the same crystal
system. This is illustrated in Table 2.i. In Table 2.1 it can be seen

that the symmetry of the groups increases from top to bottom and that

within a group the bottom-most member has the full symmetry possible

for that crystal system.

The following paragraph describes the characteristics of several

point groups:

(a) (b)

Fig. 2.9. Symmetry of the monoclinic system
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Table 2.i Point Groupsand Point Groups
Symmetryand Notation

Crystal
System

Crystal
Class

Full

Symmetry

Herms_n-

Mauguin

Symbols

SCH

Symbols

Triclinic
Pedial

Pinacoidal

Monoclinic

Domatic

Sphenoidal
Prismatic

0rthorhombic
*Rhombic - pyramidal
Rhombic - di_:phenoidal

*Rhombic - dip_famlaal

Tetragonal

Tetragonal - disphenoidal

Tetragonal - pyramidal

Tetragonal - dipyramidal

*Tetragonal - sca!enohedral

Ditctragonal - pyramidal

Tetragonal - trapezohedeal

*D_tetragonal - dipyramidal

Trigonal - pyramidal

Hexagonal R h o mbohedral

(Rhombohedral) *Ditrlgonal - pyramidal

(Trigonal *Trigonal - trapezohedral

*Hexagonal- scalenohedral

Hexagonal

(Hexagonal)

Trigonal - dipyramidal

Hexagonal - pyramidal

*Hexagonal - dipyramidal

Ditrigonal - dipyramidal

*Dihexagonal - pyramidal

Hexagonal - trapezoheoral

*Dihexagonal - dipyramidal

Isometric

Tetartoidal

*Diploidal

*Hexterahedral

Gyroidal
*Hexoctahedral

None

C

1P

C, iAm, IP

iAo, 2P

C, 3A9, 3P

C, IA4, IP

_, 2P

ZA,, 4P

C, L_, _A,, 5P

C, IAs

_s, 31'

C, IAe, BA_, 3P

1As, IP

14
c, iAe, IP

L_, 6P

C, L_e, 6A,, 7P

3Aa, 4As

C, 3Am, 4As, 3P

3As, 4As, 6P

3A4, 4As, 6A8

c, 3A,,4A,, 6_, 9P

1

T

m

2

2/m

ram2

222

2/m 2/m 2/m

4

4/m

1,22
4/m 2/m 2/m

3
3
3,,,
32
21m

g
6

6/m
5m,
6mm

622

6/m 2/m 21m

23

2/m

_3m
4_2

41m 3 21m

CI

Ci

%
Cs

Cmh

Cgv

Dsh

s,
%
C,h
_a
C,v
D,
D4h

C8
c31
Csv
Ds
_a

_h

c,
Csh

%v

Deh

T

Th

Td

0

%

* Most common C = center

A = axis

P = plane

1.5



Figure 2.9 shows the symmetry elements of the monoclinlc systems_

Figure 2.9 (a) shows the single two fold axis of the sphenoidal class, and

Figure 2.9 (b) the lone plane of the domatic class. If we were _o imagine

both of these symmetry elements as occurring in the same crystal, we would

have the symmetry of the prismatic class, noting that a center is introduced

by the combination of a two fold axis at right angles to a symmetry plane°

2.6 Point Group Notation

By international agreement, crystallographers have adopted the

Hermann-Manguln system of point group notation, but the Schoenflies
notation is used in spectroscopy and other branches of science so both

are presented in Table 1. The derivations of these are given by Buerger

(1956, Chap. 6) and so this will not be undertaken here, instead only the
method of notation will be considered.

Schoenflies notation

cn (cyclic)
Dn (Dihedral)

Sn

T (Tetrahedral)

0 (Octahedral)

An n fold rotation axis

An n fold rotation axis and n two-

fold axes._ to it

An n fold rotation-reflection axis

Four 3 fold axes directed toward the

vertices of a tetrahedron

Three mutually_ 4 fold axes

Subscripts

V

h

i

s

d

Vertical reflection plane containing

the symmetry axis.

Horizontal reflection planeD-to the
axis.

Inversion

Reflection plane

Dihedral reflection plane bisecting

the angle between the two fold axes°

Thus, the notation Csh indicates a crystal class that has as its

symmetry a two-fold rotation axis__to a plane of symmetry° This is the

symmetry produced by combining Figure 2ogaa_d2.9b.

Herman-Man_uin notation

1,2,3,4, and 6
l, 3,4, and

m

2/m

Various axes of rotation

Various axes of rotary inversion

Plane of symmetry

Combination of m and 2 (2 fold axis _.

to a mirror plane)

16



The number and order of the notation varies from system to

system as follows:

Isometric or Cubic system usually has three parts. The first part refers
to the axial directions and indicates whether the a axes are twcfold or

fourfold. The second part refers to the three-fold axis and tells if' it

is 3 or 5. The third part, if present, refers to the diagonal planes and
two-fold axes.

Hey_eonal. mhe first symbol refers to the c or principle axis and maybe

6, 6, 3 or 3, the last two indicating the trigonal subdivision of the

hexagonal. The second symbol indicates the a axes. The third part gives

the sym_netry of the intermediate axial direction°

Tetra6onal, is like those of the hexagonal, except that the c or principle
axis is fourfold in nature.

Orthorhombic. The three symbols refers to the a, b, and c direction in
that order.

Monoclinic. The single symbol refers to the nature of the b axis.

Triclinic. In this system there are only two classes, one with only a

center U-and the other class has no symmetry, except one-fcld axes,
and it is called 1.

None of these systems gives the full symmetry as given in Table I,

but the full sy_netry is present in notation even if not expressed. For

example in the notation _, a two fold axis I-to a plane of symmetry, it
m

was shown that this makes necessary the presence of a center of symmetry.

Or in the more complicated 4 s_s, with a full symmetry of C, L_
.... m m

4A_, 5P glven in the notatlon wlthout producing a center, two more two-

fold axes, and two more planes. The repetition of a point produced by tlae

action of the symmetry elements of each class is shown in Figure 2.10 by

the use of the _tereographic projection.

2.7 S_ace Groups

Space groups are obtained from the application to point groups

of screw axes and glide planes which produce translational symmetry not

allowed in point groups. The action of translational elements on the 32

point groups produced 230 possible nonredundant space groups. The symmetry

of the crystal as a whole is completely specified by the symmetry of its

space group. The systems and point groups are rougher classifications of

the symmetry of the entire crystal.

A point group can have only rotation axes and reflection planes,

because all symmetry elements are associated with a single point. In a

space group, however, the result of a repeated symmetry operation need

not repeat the original array and a translation may be required to repeat
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the original array. The screw axis and glide plane supply the needed

translation. The characteristics and notation of the space group can be
described as follows: A screw axis combines a rotation with a transla-

tion parallel to the axes. It has already been stated that rotation

axes are limited to l, 2, 3, 4, and 6 fold rotations; these same restric-

tions apply to screw axes. A screw axes combines a rotation _Ith a trans-

lation parallel to the axis. The translation, orpitch (T)_ of a screw axis

is required, after n rotations through an angle, to nave a cumulative

translation distance equal to some multiple of lattice translation mt.
In other words

nT = mt

where n and m are _-+_,,_=_.....o. Thus, the possible wJ.u=_ u- _,,=_ trauslation 3

or pitch, are

T=mt
n

where n is the fold of the axis l, 2, B, 4, or 6 and m = O, l, 2, 3, • . °

Table 2.2 lists the only unique screw axes and their symbols° In this

symbol the large numbers indicate the nature of rotation and subscript

is the value of m in the above equation.

Table 2.2 Possible Screw Axes

Symbol Rotation Angle

Translation

or

Pitch

21

Bl

41

2_

B

B

Tr

2

2

I

2

Tf

B

m

B

S

B

B

_t

_t

_t=-_t

_t

_t

_t=-_t

_t

_t

t

4

S
_t=-_t
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It should be noted that such pairs of axes as 31 and _, and
and 64 are enantiomorphous, that is, they differ from each other only

in the direction of motion and are therefore commonly called left or right

handed. Figure 2.11 A and 2.12 A shows the effect produced by a screw
axis.

t=a

_"_ t= O

180 ° Rotation

2, 2

Screw Axis

(a)

Rotation Axis

Plus Reflection

b Glide Across The Plane

Glide Plane

(b)

Fig. 2.11. Screw axis and glide plane

A glide plane involves the operation of reflection across a

plane combined with a shift in position parallel to the plane (a transla-

tion). There are six possible glide planes which are shown in Table 2.3.

2O



P21

i +0 I+O

,'/
½+0 _+ J 2 Fold Screwr _ • Axis

o 0

½

+0 +0

/ - f/ / / "O+ O+

l

+0 +0/ / : . Fold Axis

O+ O+

Equivalent Positions Symmetry

Fig. 2.12 a Equivalent positions_ s_7:_etry and the effect

produced by a screw axis

Pm

/°'/ /--0
_©÷ _(D*

Reflection

Pb

jo.jo_/o.Planes Are Parallel

/ To Plane Of

/Projection

O÷ (D- O*

Plane Glide Plane

Fig. 2.12 b Equivalent positions and effects produced by a

glide plane
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Table 2.3 Possible Glide Planes

Symbol Significance Translation

a

2

b
b axial glide

C

2

a b a c b c
n diagonal glide _ + _, _ + _ or _ +

a b a c b c
d "diamond" glide _ + _, _ + _ or _ +

m mirror 0

Figure 2oll B and 2.12 B shows the effect produced by an a_xial

glide. The crystal dimension a is not changed but a new set of points at

a are produced.

2.8 Space Group Notation

The first term in the notation is the lattice type, followed by

the proper point group notation to which modifications produced by _he

presence of glide planes and screw axes are added° For example, P4_32

would mean a primitive lattice in the point group 432, cubic, with the

four-fold axis being a screw axes. p 4 21 2 would mean a primitive
n c c

422
lattice in the point group M M M' tetragonal with the four-fold axis

being_L to an n glide, the a axis being a two fold 21 screw axis_i_ to a

c glide and the intermediate axis is a two fold axis___ to a c glide°

The development of space group theory was in the late 19th

century, this was long before the development of x-rays which demonstrates

that the atomic arrangements in crystals actually conforms to these space

groups°

A more detailed coverage of any of the subjects covered in this

section can be found by consulting the bibliography°

Table 2°4 shows the 230 space groups and the point groups from

which they are generated by the screw axes and glide planes.
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Table 2.4 SpaceGroups

Polnt.group

rrielinic

I

Monoclini¢

m

2/,n

9rthorhomblc

222

ram2

Hermann-_lauguin symbols t

P1

Pi

1st setting

(z.axis unique)

P2

P2_

B2. A2, 12

e_

Pb. Pa, Pn

Bin. Am, Ira

Bb. Aa, la

P2/m

P2Jm
BZlra. A2lm, 121m

P2/b. P2/a, P2/n
P2x/b. P2x]a, P21/n

B2/b. A2/a, 12/a

Normal setting

P222

P222_

P212x2

P2x2x2 x

C2221
C222

./,'222

1222

I212x2x

Pmm2 (Pmm)

Pine2 x (Pine)

Pce2 (Pet)

Pma2 (Pma)

Pea21 (Pea)

Pne2 (Pne)

Pmn2_ (Pmn)

Pba2 (Pba)

Pna21 (Pna)

Pnn2 (Pnn)

Cram2 (Cram)

Cmc21 (Cme)
Cce2 (Cce)

Atom2 (Atom)

Abm2 (Abm)

Area2 (Area)

Aba2 (Aba)

From2 (From)

Fda2 (_dd)
Imm2 (Imm)

Iba2 (Iba)

Ima2 (Ima)

2nd'satlng (y.ax£s unique)

P2

P2 x

C2. A2, 12

.P_,n

Pc. Pa, Pn

Gin. Am, Ira

Ce. Aa, Ia

P2x/m

C2[m. A2/m, 12Ira

P2/e. P2[a, P2/n

P21/e. P21[a, P21]n

C2]e. A2[a, I2/a

Other settings

A2122, B2212

A222, B222

P2mm, Pm2m

P2x ma, Pb 2tm, Pm21b, Peru2 x, P2_am

P2aa, Pb2b, P2aa

P2mb, Pe2m, Pm2a, Pbm2, P2om

P21ab, Pe2xb, Pb21a, Pbc2 x, P2xea

P2na, Pb2n, Pn2b, Pen2, P2an

P2imn, Pn21m,Pm2xn,t)nm2i ,P21n_

P2eb, Pe2a, Pba2, P2eb

P2xnb, Pc2xn, Pn2xa, Pbn2 x, P2xen

P2nn, Pn2n

A 2ram, Bm2m

A21ma, Bb2xm, Bm2xb, Ccm2 x, A2tam
A 2aa, .Bb2b

t_2mm, Cm2m, Am2m, Bmm2, C2mm

J32cm, Cm2a, Ao2m, Bma2, C2mb

]32mb, Cc2m, Am2a, Bbm2, C2em

2_2cb, Cc2"a, Ae2a, Bb_2, C2eb

.F2mm, Fm2m

_F2dd, -_d2d

I2mm, Im2m

I2cb, Ic2a

I2mb, Ie2m, Im2a, Ibm2, 12era

Sehoenflie8

symbols

CL s]

c_
c_
c_

c:
c_

c.,

c_

cL

/)21,v _
D], v _
.D_, V"

D_, V_
D:], v s
D_, V 6

D_, v 7
/_._,v 8
/),9.,v_

C.121 _

0;.",
aL

c_,

c_,
c],
c_o,
cl,
c.2

• 14

c__.

c__.
c__,

c_

c,2
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Table 2.4 (continued)

Po_.group

mmm

T e_ragonal

4

tt_nann-Mauguin symbols

Normal

Pmm_

Pnnn

Pccm

Pban

Pmma

Pnna

Pinna

P cca

Pbam

Pccn

Pbcm

Pnnm

Pmmn

Pbcn

Pbca

Pnma

C_c_

Cmca

Cm_m

Cccra

Cmma

Ccca

Fddd

Immm

Ibam

lbca

Imma

Normal

P4

P4_

P42

P4 a

14

14_

Other settings

l'mma, Pbmb

Pncb, 1)cna

Pbram, Pmcm, l'mam, Pmmb, Pcmm

Pbnn, Pncn, Pnan, Pnnb, Pcnn

t)bmn, Pncm, Pman, Pnmb, Pcnm

Pbaa, Pbcb, Pbab, Pccb

Pmcb, Pcma

Pnaa, 'Pbnb

Pmea, Pbma, Pcmb, Pcam, Pmab

Pmnn, Pnmn

Pnmm, Pmnm

Pnca, Pbna, Pcnb, Pcan, Pnab

Pcab

Pbnm, Pinch, Pnam, Pmnb, Pcmn

Arama, Bbmm, Bmmb, Ccmm, Amain

Abma, Bbcm, Bmab, Ccmb, Acam

Ammm, Bmmm

Araaa, Bbmb

Abram, Bmcm, Bream, Crumb, Acmm

Abaa, Bbcb, Bbab, Cccb, Acaa

imcb, Icma

lcab

lbmm, Imcm, Imam, Immb, 1cram

Larger cell

C4

C4t

C42

C4a

F4

F4_

Schoenflles

symbols

el

c_
c.l
ci
c'_

i P_ c_ sl

4Ira C4/m

C42#_

C4/n

C42/n,

F4/m

F41/a

C422

C4221

C4x22

C4x22_

C4_22

C42221

C4a22

C4a22 _

/'422

F4122

422

P4/m

P4_/m

P4/n

P4,/n

14/m

14x/a

P422

P42_2

P4x22

P4_2t2

P4222

P4a2_2

P4a22

P432x2

1422

14_22

C_

cL

c_,
c_,

Di
D_

D_
D_ °
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Tabl_ 2.4 (continued)

Polnt-group

4ram

42m

4/mm_tl_

Trigonal and

Hexagonal

3

.Normo.Z

P4mm

P4bm

P42cm (P4cm)

P42nm (P4nm)

"P4CC

P4no

P42mo (P4mc)

P4ab¢ (P4be)
14turn

I4em

14find (14rod)

14_cd (I4cd)

P42m

P42o

P42tm

P421e

P4m 2

P4c2

P462

P4n2

14m2

14c2

I'42m

I42d

P 4 /mmra

P 4 /mcc

P 4 /nbra

P4/nne

P 4 /mbm

P4/mnc

P4/nmm

P4/ncc

P42]mmc (P4/mmc)

P 42[mcm (P 4 /mcra )

P42/nbc (P4/nbc)

P4_/nnm (P4/nnm)

P 42/mbc (P4/mb¢)

P4Jmnm (P4/mnm)

P 42/nmc ( P 4/ nm¢)

P 42/ncm (P4#wm)

I4[mmm

14Imam

14flared (I4/amd)

X41/_ (X4/acd)

P3 (C3)

P31 (C31)

P3_ (C32)
R3

P3 (C3)

Rg

Hermann-Mauguin symbols

Larger cell

C4mm

C4mb

C42mc (C4mc)

C42mn (C4mn)
C4cc

C4cn

C42¢ra (C4cm}

C4_cb (C4ob)
F4mm

F4m_

F41dm (I4dm)

F4_dc (14d_)

C'42m

C4c2

C4m2 t

C_2 t

Ci2m

C42c

C42b

C42n

l"42m

F42c

F4m2

F_d2

C4/mmm

C4/mcc,

C4/amb

C41acn
C4]mmb

C4/mcn

C4/amm,

C4/aco

C42[mcm (6'4mere)

C42/mmc (C4]mm¢)

C42/acb
C42]amn

C421mcb (C41mcb)

C42/mmn (C4/mmn)

C42/azra

C4_[anm

F4]mmm

F4/mmc

F4t/ddm

F4Jdd_

(H3)

(H31)

(H3z)

(H_)

.Schocnfliez

symbols

_14w

l._4w

c',,

c2

o,':

I)_,v_.

D_,, v3

D'.',,.v_
D'..,,.v',
D_, V_
z)_, v'_
D TM V_ o2d'

D_, v2
D v-' V_2d'

Dk
D'a4_

DL

D2

D2
D__,

D1_,
D2
D'_o4b

o..,

c_
cJ

c_,,s_
ci,, ,$I,
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Table 2.4 (continued)

Polnt-group Hermann-:_Iauguin symbols

Normal Larger cell

32

3_

3m

6Ira

622

67r_m

_m2

6[mm_'b

P312 (C312)

P321 (C32)

P3112 (C3112)

P3121 (C3_2)

P3212 (C3z12)

P3221 (C322)
R32

P3ml (C3m)

P31m (C31m)

/'3cl (C3c)

P31e (C31e)
R3m

R3e

P;31m (C3.1 m)

P;31e (C31e)

l'3ml (C3m)

1'gel (cgc)
1¢3m

RSc

1'6 (C6)

P61 (C61)

P6_ (C6_)

P6z (C62)

P64 (C64)

P6a (C6a)

P6 (C6)

•P6lm (C6[m)

P6a/m (C6a/m)

P622 (C62)

P6122 (C612)

P6522 (C652)

P6_22 (C622)

P6a22 (C6a2)

P6a22 (C6a2)

P6mm (C6mm)

P6cc (C6cc)

P6acm (C6acm)

P6amC (C6amc)

P'6m2 (C'6m)

P'6c2 (C6c)

P'62m (C62m)

P'62e (C62c)

P6[mmm (C6/mmm)

I P6[mcc (C6/mce)

P6a[mem (C6/mem)

P6a/mmc (C6/mmc)

(H32)

(H312)

(H312)

(H3112)

(H322)

(H3212)

(H31m)

(H3m)

(H31c)

(H3c)

(H;3,n)

(H_c)

(H31m)

(H31c)

(H6)

(H61)

(H6s)

(H6z)

(H64)

(H6a)

(H6)

(H6/m)

(H6a/m)

(H62)

(H612)

(H652)

(H622)

(H642)

(H6a2)

(H6mm)

(H6cc)
(H6amc)

(H6acm)

(H62m)

(H_2c)
(H'6m)

(H-_e)

(H6/mmm)

(H6/mcc)

(H6/mmc)

(H6/mcm)

Di
D_
D_
D_
D_
D_
Di

c_.

C_,
C._,

D_d

D_,,

c_
c_
c_,

c_
c_

c_h

D_
D_

D_
D_
D_

cL
C_

C,I,

D..',,
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Table 2.4 (continued)

Point-group Hermann-Mauguin symbol 8choenfli_'._ symbol

Cubic

23

m3

432

43m

m3m

P23

.F23

123

P2x3

12x3

Pro3

Pn3

1"m3

Fd3

ira3

l:'a3

Ia3

P432 (P43)

P4232 (P4_3)

F432 (F43)

F4_32 (F413)

1432 (143)

P4a32 (P4a3)

P4132 (P413)

14132 (14x3)

P_3m

1"43m

143m

P'43n,

F43c

1_3d

Pn3n

Pm3n

Pn3,n

l"m3m

Fm3c

Fd3m

Fd3c

Im3m

la3d

T 1

T _

T _

T 4

T_
T_

T_

0 l

0'_

0 3

04

0 _

0 6

0 _

0 s

Ti

T_

o_
o_.
ol
o_
ol
o2
oi
o2
o;
o_°

23-d



Philips (19&6) in speaking about crystalline materials stated_

"It seems that we may place the present total at approaching 20_OOO (of

which about 2,000 have been found to occur in nature as miner&&_ and many

of these are of extreme rarity). Of this vast number: 50 per cent belong

to the monoclinic system, a further 25 per cent to the orthorhombi% and

about 15 per cent to the triclinico Thus these three systems account for

about 90 per cent of the crystal kingdom, leaving only a few per cent in

each of the remaining more symmetrical system° The order of decreasing

numerical importance of these seem to be cubic, tetragonal, trigonal,

and hexagonal o" Within each system the greater proportion of its

representatives belong to the highest symnetry class° "

If as previously stated the laser lattice should be optically

either isotropic (restricted to cubic crystals)_ or uniaxial (restricted

to tetragonal, trigonal, and hexagonal crystals), then only about 10% of

all known crystalline material qualify°

We will next take a look at the chemical nature of crystals°
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III° CRYSTALCHEMISTRY

Crystal chemistry is the study of the relations between the chemical
and structural features of a crystalline material° The discovery of x_r_y
diffraction was the bLrth of crystal chemistry for it supplied the tool
to study the arrangementof atoms or ions in crystals° The real gro_th
of crystal chemistry started in 1920with the observations of WoLo Bragg
on the interatomic distance in a set of closely related compounds°The
field has grownrapidly in the last 25 years, aided by the growth of
solid-state research° This is becausecrystal chemistry gives an explana-
tion of why crystals have the properties they do, and helps in the attempt
to produce crystals with a particular set of properties° This is the

crystalline materials with desired composition and properties. The crystal
chemistry approach is the study of the basic particles of crystals, atoms
and ions, and the geometryand way in which they are bondedtogether°
Our first consideration will be the nature of this bonding°

3.1 Bondin$ in Crystals

The electrical fields associated with atoms act in such a way

as to bring atoms close enough together that interaction between outer

shells may occur° These interactions produce the chemical bonds that

bind crystals together and belong to one of four bond types; ionic,

covalent, metallic, and van der Waal'so In real crystals, pure bond

types are rare° The unusual bond is a mixture of types° Crystals in

which all bonds_are the same kinds are called homodesmic_ those which

contain two or more bond types of different character and strength are

called heterodesmic crystals°

The importance of the bonding in a crystal is many fold, for
the type and strength of the bond controls the properties a crystal will

have. The hardness, melting point, cleavage, coefficient of thermal

expansion, electrical and thermal conductivity all depend on bonding°

And most important of all the energy levels in laser crystals depends

upon th6 bonding of the active ion to its surroundings.

When atoms or ions approach each other, they gain stability by

attaining noble gas configurations, ones in which the outer shell of

electrons is completely filled° In the metallic bond this is accomplished

by the sharing of electrons from incomplete shells between a n_mmber of
atoms° In this case the shared electrons form an%lectron cloud" with

great mobility which is responsible for the good electrical and thermal

conductivity of metals° The covalent or homopolar bond is accomplished

by a shs_i_g of electrons in the incomplete shells in such a way that the

shared electrons fill the outer shells of each°

Van der Waals bonds exist between atoms w_h completely filled

outer shells because of temporary unbalance of charge due to shifts of

electrons° This is sometimes referred to as the stray field bo_a.
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Amongnatural minerals the metallic bond is present in native
metals and in a few sulfides and arsenides. The purely covalent bond which
is commonin organic compoundsis rare in minerals. The very weak
van der Waalsbond which is present in inert gases is rare in mineral, its
only real importance is in somelayered structures such as micas and clays.

The most commonbond type in inorganic compoundsand minerals
is ionic. Almost all minerals except native metals, sulfides, and
sulfosalts are chiefly ionic bonded. Of the 2,000 mineral species it

has been estimated that about 90_ or 1,800 can be considered as ionic,

for the purpose of calculation without making serious mistakes.

Because of the importance of the ionic bond in crystal chemistry

it will be discussed in more detail than the other bond types. An atom

can achieve a completely filled outer shell of electrons by gaining or

losing sufficient electrons to reach the nearest inert gas configuration°

In this manner sodium loses an electron and becomes a positively charged

ion with the neon configuration. Chlorine adds an electron and becomes

a negatively charged ion with the argon configuration.

Ions of opposite sign, once formed, are attracted to each other

by coulombic forces. There are also repulsive forces that at some distance

will balance the attractive forces. The distance at which these repulsive

forces balance the attractive forces is the interionic distance charac-

teristic of these ions. The interlonic distance between a pair of ions

of opposite charge is characteristic of that pair of ions. This is the
basis for the ionic radius of an ion. The interionic distance is

regarded as the sum of the radii of two ions in contact° Thus if we

assums the radius of one ion, the other can be found. In this way tables

of ionic radii ar_ obtained. The tables are usually based, in part, on
a radius of 1.32 A for oxygen. The actual considerations of ionic radii

are more complicated and numerous corrective factors are usuallyemployed

in preparing a table of ionic radii. We will now consider some of the

factors that effect the size of ions.

3-2 Size of Ions

The nature of the forces are simplest for ionic solids and the

binding energies are thus more easi_T calculated than for other crystalline
solids. The ionic attraction can be closely approximated by the electro-

static forces between a pair of ions treated as point charges of positiw_

and negative electricity. The Coulomb attraction between two point

charges Zle and Zme at a distance r apart is given by,
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At close approach, repulsive forces act on the ion@ Born and
Lande expressed this repulsive force in the following expression for the
potential energy of a pair of ions.

e_ bes
u- z, 3-+ r-

Where the positive term is an empirical expression of the repulsive force,

b is a constant, and n Is the power of the distance to which r must be

raised to give the correct repulsive force. The value of n can be deter-

mined from compressibility measurements of crystals and has the approximate

_i_I_o _ _ _ _- _ _ 7 _ N_ 9 for Ar or Cu +, l0 fn_ _ _ Ag + ana

12 for Xe and Au + and average values for crystals of mixed types.

In a crystal there are present repulsive forces which are also

inversely proportional to some power of the separation. The potential

energy of the crystal can therefore be written,

u =A ZIZ_e_ +B 1
r (a)

where A is (the modeling constant) a numerical constant of the order of

unity, which sums the effect of all the Ions in the structure and is thus

constant for each structure type, and B is a constant yet to be determined°

For the simplest case of the univalent alkali halides (a) reduces to,

-Aem + B (b)
u'-- F-

At the equilibrumdistance ro potential energy is a minimum and
the first derivative of b will vanish,

_du_ Ae z nB 0
\_-_rgro i -_ - rn+---_

it follows that

B=_
n

so that

U a m i

rO
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Born and Mayer found the repulsive term to be incorrect because
the van der Waals forces were not taken into account. They gave the
following relation for potential energy which took the Vander Waals
forces into consideration:

u = Ae--__ + Be"r/n - _ + 8
r re

wherec is a constant and 8 is a small numberwhich expresses the energy
of the structure at absolute zero. In the above, the positive term is
the repulsive force term and the negative is the attractive force term.
Thegeneral effect of these are the repulsive forces tend to increase
the size of the ion, and the attractive forces tend to decrease it.

The value of the aboveequation is that it makesit possibl%
within limits, to predict the structure that a group of atomswill
assume. This will be the most stable structure or the one with the
lowest potential energy (u).

3.3 Estimation of Bond T_e

As previously pointed out the mixed covalent-ionic bond is the

most common. The commonness of this mixed bond type makes it desirable

to be able to determine the per cent of each in a mixed bond. Pauling

has introduced a plot of electronegativity difference which expresses

the amount of ionic-covalent character a bond in a compound has. Pauling

gave each element a numerical value of electronegativity, which he de-

scribes as the power of an atom in a molecule to attract electrons to
itself.

f
a_
w

o_

z
o

o

1.00

0.75

0.8C

0.25

0

0 l 2 3

ELECTRONEGATIVITY DIFFERENCE ---_

Fig. 3.1. Curve relating amount of ionic character and electronegativity

(after Pauling 1960)
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Pauling (1960, p. 93) gives a rather complete list of electr¢-
negativity values for elements in their commonoxidation states and Gor_y
and Thomas(1956) for the less commonoxidation states. Figure 3ol gives
Pauling's plot and Table 3.1 gives the electronegativity values for some
of the commonions and for the rare earths.

For example, the very commonS_-0 bond, 3.5 - 1.8 = 1.7, is
found to be 50 per cent ionic and 50 pe_ _ent covalent. It is easily
seen that most commonrare earth elements will have a greater ionic than
covalent character, and that the bondbetweenthe rare earth ion and F
in CaFa will be very highly ionic.

Table 3.1 Electronegativlty Values

LA
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
my
Ho

Er

Tm

Yb

Lu

i.i

to

1.2

Sb 1.8 K O.8

As 2.0 Na O o9

Te 2.1 Ca l o0

P 2oi Li io0

Se 2°4 Mg io2

I 2.5 A1 io 5

s 2.5 si 1o8
Br 2°8 C 2° 5

c1 3.0 o 3o5

N 3°o
F 4.0

3.4 Paulin$'s Rules

Pauling in 1929, proposed on the basis of observation of pack-

ing arrangements, a set of principles that determined the structure of

ionic crystals°

Rule i. "A coordinated polyhedron of anions is formed about each cation_

the catien-anion distance being determined by the radius sum and the

coordination number of the cation by the radius ratio."

The anion is usually oxygen, and the radii of the anions is

usually considerably larger than the radii of the c_tions. Because of

the electrostatic nature of the binding forces each cation tends to

surround itself with as many anions as possible° The number that can be

grouped about each cation depends on the relative _izes of the cation
and anion° The number of anions that surround each cation is known as

the coordination number of the caticmo (It As also some times referred
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to by the nature of the coordination polyhedron produced as cubic, tetra-

hedral, etc.). Relative size of ions is expressed by the radius ratio,
which is the ratio of the radius of the cation to the radius of the anion.

Rule 2. "In a stable coordination structure the total strength of the

valency bonds which reach an anion from all the neighboring cations is

equal to the charge of the anion." This rule is called the Electrostatic

Valency Principle. In its applications, the valence of the cation is di-

vided equally among the number of bonds to the anion, this number depend-

ing on the coordination number

Charge cation
Coordination number

of the anion

= Electrostatic valency (E.V.)

Rule 3. "The existence of edges, and particularly of faces common to

the two anion polyhedra in a coordinated structure decreases its stabil-

ity; this effect is large for cations with high valency and small coordi-

nation number, and is especially large when the radius ratio approaches

the lower limit of stability of the polyhedron."

The sharing of elements of tetrahedra are shown in Figure 3.2.

Corner- Edge-

sharing sharing

Face-

sharing

Fig. 3.2. Sharing of polyhedral elements in tetrahedra
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This principle is explained by the fact that highly charged
cations tend to maintain as large a separation as possible. The closer
together cations become,the larger the crystal energy and the lower
the stability. The closeness is increased in the order, corner sharing,
edge sharing, face sharing. The crystal energy increases in the same
order and the stability decreases in this order.

Rule 4. In a crystal containing different cations those of high valency
and small coordination numbertend not to share polyhedron elementswith
each other. Explanation is the same as above (under 3).

Rule 5. The number of essentially different kinds of constituents in

This refers to crystallographic configuration and arises from

the tendency in nature for substances to attain forms of lowest poten-

tial energy and thus of simplest structure.

We will now discuss some of Pauling's rules in more detail and

the effect they have in crystal chemistry.

3.5 Coordination Pol_hedra

If the coordinated ions forming polyhedra and the coordinating

ion at the center of polyhedra are the same size, the radius ratio is

one. There are two possible three-dimensional arrangements which permit

each sphere to form intimate contact with the largest number of neighbors.

These are the so-called hexagonal and cubic closest packing. In both

cases the central sphere is surrounded by 12 nearest neighbors, and in

both the hexagonal and cubi2 closest packing the central sphere is in

contact with six spheres in its own layer. The difference in the two

close packed arrangements is the way" in which spheres in the layers

above and below the center sphere are arranged. We will not discuss

these differences for this type of arrangement is important only in

metals and micas. Anyone interested in the nature of these arrangements

is referred to Azaroff (1960, p. 58). This is referred to as 12-fold

coordination or as having coordination number (C.N.) 12o

The most frequent coordination encountered in actual crystals
are 33 4, 6, 8, and 12. Of these 4, 6, and 8 are common and 4 and 6 are

the most common. Three-fold is common only in radicals such as CO , NO ,
s s

and BOs and as previously stated 12-fold is common only in metals and
micas, 2-fold is rare. The other coordinations 5-, 7-, 9-, and lO-fold

coordination, are very rare and require special arrangement in very

complex structures. It has been found in considering radius ratio for

the prediction of coordination, of noncomplex structures that 5-, 7-, 9-,

and lO-fold coordination can be omitted without producing difficulty.

We will thus, consider 8-fold coordination next. If the size

of the coordinating cation is slightly smaller, 8-fold coordination is
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stable. The centers of the anions lie at the eight corners of a cube and

this is sometimes called cubic coordination. A consideration of the

geometry of this arrangement makes it possible to determine the limiting
conditions under which this coordination will be stable. If we let the

radius of the anion be equal to unity we find the lower limit for cubic

coordination is in radius ratio of 0.732.

B

A B A 0c
(lxx) = (I)2+

I x X = I._ = 1.732

X = 0.732

Where Distance AD Is The Body
Diagonal Of The Coordination Cube

Fig. 3.3. Cubic coordination

This cubic coordination has maximum stability for values of

radius ratio between 0.73 and 1.O0.

It is possible by simple geometric consideration of the type

shown above to establish the range of radius ratios for which a given

coordination is stable. Table 3.2 records this information.
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Table 3o2 Radius Ratio and Coordination

Range of stable

radius ratio

cation/anion

CN number of

nearest anion

negatron

Anion

polyhedra formed

Less than .155 2

.155 - .255 3

.255 - .414 4

.414 - 732 6

•732 - I.OO 8

Greater than 1.00 12

planar equilateral triangle

tetrahedron

octahedran

cube

cubic or hexagonal close

packed arrangement

In some cases the radius ratio fails to predict the coordination

that is experimentallyfound by x-ray structure studies. In most cases

this is due to polarization, that is, a distortion of the ion that makes

it act as if it were an ion of different size. The polarization is

determined by the coordination, polarizability and polarizing power of

the ions concerned. The polarizability of an ion depends on size and

looseness of binding and is thus pronounced in large anions. The polar-

izing power of an ion depends on its electric field and is greatest for

small highly charged ions, chiefly cations. Thus care must be used when

applying the radius ratio concept to predict coordination in structures

that have small highly charged cations and large feebly charged anions°

Also the radius ratio concept only applies to materials that are ionlcally

bonded and thus would fail if applied to materials in which the chief

bonding is covalent.

3.6 Electrostatic Valency

The relative strength of the ionic bond linking ions is a
function of valence and coordination° This is because the strength of

all the bonds reaching an ion must equal the valence of that ion and these

bonds are supplied by the nearest neighbors.

The electrostatic valency is a measure of the relative strength

of any bond reaching the coordinating ion° It is computed by dividing

the valence of the coordinating ion by the number of nearest neighbors°

If, for example the cation has a valence of 4 and it is in 8-fold coordina-

tion, the electrostatic valence (ev) = _ or _o The coordination ion gives

up _ a charge unit to each of its neighbors° Crystals like this in which

all bonds are of equal strength are termed isodesmico If the strength

of the bonds within a radical such as CO 3 or NO3 is calculated, it is

always found to be greater than one-half the total charge on the anion°
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For example, COS in CaCOs,the radius ratio indicates 3-fold coordination.
Thevalence is 4, thus the ev _ _ = l_, which is greater than one-half tlne
(-2) charge on the oxygen. Crystals in which radicals are formed are
termedanisodesmic. This s_emssimple but consideration should be given
the fact that the compoundBaTiOs is often called barium tltanate, imply-
ing t_e presence of titanate radicals. But whenwe consider the electro-
static valency (e.v.),

Ti .76A
-6- 1.3_ = .50 = 6-fold coordination

4 2
(e.v.)

which is less than one-half the charge on the oxygen, PaTiOs is thus a

double salt and not a titanate and anyone studying such a material should
realize this.

If the same type calculation is performed and the strength of

the bonds is found to equal exactly half the charge of the anion, the
crystal is called mesodesmic.

Many of the properties of crystals are controlled by the bond

strength. The bond strength is inversely proportional to the lnterionic

distance and directly proportional to charge. The greater the bond

strength, the more energy required to break bonds and the higher the

melting point and hardness, and the lower the coefficient of thermal

expansion° Other physical properties, such as cleavage, etc., and

chemical properties, such as solubility, etc., are also dependent, at

least in part, on bond strength.

3- 7 Substilution

The major consideration in the "doping" of a crystal is what
controls this "doping" or substitution. In nature substitution of one

ion for another is the rule rather than the exception. This substitution
is usually referred to as substitutional solid solution or ionic substitu-

tion. The extent to which substitution takes place is determined by the

. size and charge on the ions involved, nature of the structure, and the

temperature of formation° The most important single factor is the size

of the ion, which must fit without distortion° Goldschmidt, based on

empirical data gathered from the substitution in ionic crystals, came to

the conclusion that ions of two elements can readily substitute for one

another if their ionic radii differ Oy no more than 15 per cent° If the

radii difference is between 15 and 30 per cent, substitution is difficult,

and if the d[fference is greater than 3Oper cent, substitution is not
likely.

It is not essential that the substituting ions have the same

charge; a difference of one can be tolerated, as long as the electrical
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neutrality of the structure is maintained. The neutrality of the structure

is maintained by what is called coupled substitution. The substitution

of 3+ rare earth ions for Ca++ in crystals of CaF a or CAW04 are examples
of this kind of substitution. The size of the Ca ++ and RE+++ ions are

very near, but in order to keep the structure neutral it is necessary to

put in enough Na + also nearly the same size, to balance the excess positive

charge caused by Jthe rare e_r_h ions. This is the usual way in which

the charge is balanced, but it can also be done by "holes" or vacant ion
sites in the structure.

The effect of the other factors that control substitution are:

1. Coordination number - the lower the CON., the more rigid is the

size requirements.

2. Polarization - the higher the polarizing power of an ion the

harder it is to replace.

3. Speed of growth - the more rapid, the greater the amount of

substitution.

4. Temperature of growth - the higher the temperature the inoreased

chance of substitution.

In the abov% 3 and 4 also have a tendency to produce a distorted

crystal, so where lattice perfection is required, it should not be used°

It is also possible in an open structure such as sphalerite to

introduce large amounts of material which don't go into the lattice sites

but rather take up interstitial sites.

Because of the importance of size, and to a lesser extent charge,

if substitution in a structure is to take place a "foreign ion" of the

proper size must exist. In some cases this is not true and some ions show

almost no substitution. This is somewhat the case with Si and is the

reason why natural quartz is so pure, and why it is not possible to dope

a foreign ion into the quartz structure. It is, however, possible in

quartz because of its open structure to put minor amounts of material in

_interstltial sites without disrupting the structure.

Figure 3.4 is a plot of ionic charge against ionic size for

most of the common ions and the ions of interest in laser materials, and

gives an indication where substitution might be expected. It should

again be noted here that tables of ionic radii are calculated on the
basis of 6-fold coordination and if the coordination is not 6 fold the

size of the ion is changed by a small factor°

If crystalsof high "doping" are req_ir_d, the best way to

produce these are to use mixed crystals, or isostructural crystals°

Thes_ are crystals with the same structure, having a common anion and

usually displaying extensive ionic substitution°
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3.8 Pol_morphisn

Some crystalline solids having the same chemical composition can

exist in two or more crystalline forms depending on the temperature,

pressure, and the presence of minor impurities. This phenomenon termed

polymorphisn or allotropy is of importance in a consideration of laser

materials. The crystal may be subject to liquid gas temperatures perhaps

causing an inversion from one state to another.

For any given crystalline substance there is just one thermody-

namically stable structure for a given range of temperature and pressure°

For a crystal at absolute zero the most stable structure is the one with

the least lattice energy. An increase in temperature causes increased

atomic vibrations and produces strain on the crystal bonds° In adjustment

to this strain the high temperature form, if one exists, has the lower

C.N. If the temperature is further increased_the strain becomes great

enough to break bonds and the crystal melts° In some substance% howeve_

there exists at some temperature an alternate structure capable of resist-

ing the thermal agitation better than the existing one and a polymorphic

inversion, or transformation, to the new stable structure occurs° The

new structure will persist until another inversion takes place or until
it melts.

Another consideration of possible importance in producing

"doped" laser crystals is related to polymorphismo The low temperature

modification generally has the higher specific gravity and thus the least

open structure. Substitutional solid solution can take place only when

an opening exists of the proper size to accept the ion to be substituted°

The less compact, usually the higher temperature form, would

have greater chance of accepting an impurity ion° Also if the high tem-

perature modification were the one with favorable laser character it

might be possible to extend its range of stability indefinitely by

additions at high temperature of large numbers of impurity ions°

One of the best known and most studied examples of polymorphism,

is the polymorphismofSi_ which has at least eight polymorphs.

3.9 Structure Type

A concept that has great importance in crystal chemistry is the

idea of structure type° If a substance is said to have the rutile structure

type, it means that the ions in its structure have a similar relationship

to each other as the ions in rutileo Rutile has a 6-3 coordination

scheme, which means that around each Ti are 6 O's and around each O is

3 Ti'so It should be noted that this meets the requirements that there

be twice the number of Ti as 0 ions as indicated by the chemical formula

TiOs. All substances having the rutile structure type have Slx,anions
around each cation and three caticns_ound each anion° It should also be

noted that it is the rutile structure type and not the Ti0_ structure
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type for TiO_ has two other polymorphic forms, brookite and anatase which
have structures different from rutile.

The structure type concept ,makes it possible to predict the

properties a substance of known structure type will have. This is due to

the effect on properties produced by bond strength as has already been

pointed out. Predictions of this type can only be made within a structure

type and for compound6 in which the bonding is chiefly ionic. If within

a structure type two compounds exist, the one with lower charge will have

the lower melting point and hardness; or if the charge on the ions is the

same, the one with the greater interionic distance will have the lower

melting point and hardness. The effect produced by charge is greater than

that produced by interionic distance. One of the objectives of crystal

chemistry is to aid in the synthesis of crystalline materials having

desired properties and the above will aid in doing this.

We have considered the nature of crystalline materials and now

we will turn our attention to the methods used in the synthesis of

crystalline materials.



IV. CRYSTALGROWTH

Crystal growth is a process that nature has carried out for billions
of years. Man's entry into the field of crystal growth showsa much
shorter and, in general, less successful history° The early attempts at
crystal growth were usually in conjunction with experiments in chemistry,
whosechief function was the separation of material for classification or
purl ficat ion.

The earliest uses of natural crystals were as gemstones. Since
prehistoric times, manhas valued crystals for their ornamental value.
Thus, it's little surprise that one of the earliest successesin the large-
scale production of single crystals wasVerneuil's _a_rowthof synthetic
gemstones. The developmentof crystal growth has followed this pattern
ever since, that is, the production of crystals to fill a need. The
secondgreat advancein crystal growth resulted from a need for large good
quality crystals becauseof their spectral and piezoelectric properties.
The most recent and perhaps most demandingneedhas been for single
crystal semiconductorsand nowthe need of high quality single crystals
for masersand other solid-state devices.

The presentation here will be limited to a brief discussion of
crystal growth techniques and the materials that they provide° Such
topics as velocity of ideal growth, theories of growth, mechanismof
growth, and dislocations, though important, are beyondthe scope of this
report and anyoneinterested in any of these subjects is referred to the
bibliography for further reading.

Onthe subject of available literature, it is large but scattered,
only six references are at all complete° Theseare the 1944 Volumeof
the Faraday Society, the first two Russian congresseson crystal growth
(translated into English), the outstanding work of Buckley (still the
best overall book on crystal growth), and the more recent works of
Mulllns and Van Hook. There exists a real need for a book on crystal
growth that could take into consideration the great advancesmadein this
field in recent years. The recent books, of VanHookand Mullin_though
well done do not completely fill the existing need in the field of
recent work on the growth of large single crystals.

As previously stated, nature has producedcrystals for billions of
years. The processes used to produce crystals in the laboratory are
similar to those that operate in nature° Theattempts in the laboratory
to produce the conditions of crystallization that have existed in nature,
have to someextent been successful. Someof the factors that in the
past have produced difficulty, are high temperatures and pressures.
Recently, to someextent, these havebeen overcome,but the time factor
seemsthe unconquerable factor in duplicating natural processes.
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Methods of Cr_stal Growth

There are three general ways in which crystals have been formed in

nature and these have all been duplicated in_ the laboratory° We will

divide our discussion into these three types of growth° They are growth

from the solution, growth from the melt, and growth from the vapor.

4.1 Growth from Solution

Growth from a saturated solution is the cheapest and oldest of

the methods for single crystal growth. The growing is performed at low

to moderate or often room temperature. These low temperatures mean that

the apparatus can be simple and inexpensive. The chief demand is for a

constant and controlled temperature and a dust-free work area. The choice

of the solvent is of great importance_ in fact, the use of this method

depends on being able to find a suitable solvent° The most common solvent

is water but many other things have been used, especially organic solvent, s

and, to a lesser extent, melts of inorganic compounds and metals. A go_

solvent should have low viscosity, to facilitate transport of solute to

the growing crystal, and a solubility in excess of 5 to 7 mole per cent.
In this method, a solute is added to an appropriate solvent and then the

solution is made supersaturated by one of several procedures to be

discussed later° In the saturated solution, small crystals start to

grow. One or more of these are chosen as seeds and are suspended in the

solution and allowed to grow° Growth takes place by the diffusion,

through the solution, to the seed of solute which is added to the seed°

Buckley has comprehensively traced the methods and apparatus

for the preparation of single crystals from solution° The methods differ

chiefly only in the way in which saturation is obtained in the solution°

To obtain saturation, three different techniques are employed: (1) withn

drawal of solvent by evaporation, (2) a change in temperature, and (S)
addition of solute.

Changing Temperature

The solubility of most solutes in a solvent is a function of temper®

ature. Figure 4ol shows the plot of solubility and supersolubility as

curves. The slopes of these curves may be either positive or negative°
If the temperature of a solution is changed in the appropriate direction,

the solution will become saturated° If this temperature change is

continued, the solution will become supersaturated and the growth of seed

crystals or the addition to an existing seed will occur° (Temperature

changes from A to B, Figure 4°1). It is best if a system can be chosen

in which both the temperature coefficient and solubility are large° Some

of the apparatus used is shown by Buckley. For the most part, it is

simple and differs only in the way in which the seed is held, the solution

stirred, and the temperature controlled. Stirring is necessary in all

methods of growth from solution to prevent concentration differences°
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tostable_

,_- % Solute

Fig. 4.1. Solubility and supersolubility

Evaporation of Solvent

- This was probably the first method used for crystal growth, as it

was employed in the production of salt. This method causes a change in
the solution that would follow a line like A to C (Figure 4.1). It can

be used in systems with a low temperature coefficient of solubility.

The apparatus differs from that used in the changing temperature

method only in attempting to encourage evaporation instead of changing

temperature. Both methods use the same types of seed mountings and

solution-stirring devices. A vacuum is sometimes used to encourage

evaporation.

Addition of Solute

In this method more solute is added to the solution as it is used up.

The concentration of the solution is thus held almost constant. In Figure

4.1, the concentration would be held at some pointnear the supersaturation

curve; the requirement of the temperature\coefflcient of solubility and

total solubility are somewhat reduced.

The apparatus again uses the rotation and mounting of crystals as in

the other methods, but differs in over-all design. Various types are

used but all basically consist of two containers, one for growing crystals

and another to supply new saturated solution to the first. The method of

circulation of solution varies greatly.
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The rate at which high qualLty crystals can be grown from solutions
is muchslower than from the melt. If the rate of growth is too rapid,
inclusions of liquid are apt to be trapped in the crystal. The slow
growth rate is one of the chief advantagesof the growth from the melt
over that from solution. In general, the rate from the melt is as fast
per minute as the per day rate from solution, a matter of a few millimeters.

In evaluating the three methodsfor growth from the solution, evapora-
tion is the poorest to produce quality crystals, changing temperature the
best, and addition of solution a close secondwhich sometimesworks in
caseswhere the other two cannot be used. Thesemethodsare used in the
production of large single crystals of salts as ADP,EDT,Rochelle salt,
and alkali-halidesj in quantity.

4.2 H_drothermal Method

The hydrothermal method is a variation on the growth from the

solution method. Materials which have negligible solubility in aqueous

solution at room temperatures have been shown to have some solubility at

temperatures near the critical temperature of water, 374.2°C. The hydro-

thermal method permits variation of the pressure at which growth takes

place, and makes it possible to increase the growth temperature to near

the critical temperature of water. The change in growth temperature

results in a change in solubility and nucleation and allows crystals to

be grown that cannot be grown by any other method.

In operation, growth is carried out in a pressure vessel, usually

called a bomb or autoclave (Figure 4.2). A temperature difference is

established between the top and bottom of the autoclave. In the lower

hotter part, the nutrient is placed and in the cooler upper part, a seed

crystal. The hot solution with the nutrient is transported by convection

to the upper cooler part containing the seed° Upon reaching the cool

upper part, the solution becomes supersaturated with respect to the seed

and it supplies nutrient to the growing crystal° The solution cools and

is depleted of its nutrient and by convection is returned to the lower

zone to again dissolve more nutrient. The apparatus differs somewhat in

general detail but all hydrothermal apparatus requires a pressure vessel

capable of containing the corrosive solvent, and a means of producing,

controlling, and recording the temperature°

This method has been used to produce large quartz crystals of

high quality. The growth rate of this quartz has been as much as

grams per day. It has the advantage of being able to grow materials not

stable at the melting point (u-quartz) and alsosubstances with high

vapor pressure (ZnO), and substances that decompose at low temperatures

but cannot be grown from standard solutions. The chief disadvantages

deal with the matter of techniques and the hazards of high pressure.
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4.3

Liner----
J

I

Seed

_Aqueous Alkoline
Solution

Nutrient _ 400 oC

Fig. 4.2. A hydrothermal autoclave

Growth from the Melt

When it is not possible to obtain the desired single crystals

by the simple and inexpensive solution method some other method must be

found. The method that has been used most is growth from the melt. The

growth of crystals from anhydrous melts can be accomplished by any of

several methods. All these methods fall into one of three categories:

(a) Crystal pulling or withdrawal method (Kyropoulas-Czochralski)

(b) Crucible method (Stockbarger, Bridgman_ and Stober)

(c) The flame fusion (Verneuil)

Withdrawal Method

In this method a crystal is withdrawn from a melt held in an open

crucible. A small single crystal seed is dipped into the surface of the

melt and then slowly withdrawn. The disadvantage of crucible restraint

is eliminated if the seed is lowered into the top of the melt near the

center and is then withdrawn rapidly enough that the growing crystal is
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not permitted to touch the crucible but slowly enough that the crystal-

liquid contact is not broken. The melt is kept Just above the melting

temperature of the material and the seed is kept slightly cooler than the

melt so that materlal will solidify as it is withdrawn. Actually the

crystal is raised rapidly so that the freezing interface is actually above

the normal surface of the melt. The freezing interface is supported above

the melt surface by the surface tension between the crystal face and the
melt.

Figure 4.3 is a schematic diagram of a crystal puller. The polycrys-

talline raw material in crucible A is melted by furnace Bo The seed C is
attached to shaft D which is cooled and can be rotated as it is wlthdra_.

The rotation serves two purposes, that of stirring the melt and also any

spurious nucleation taking place on the surface of the melt is swirled

away from the growing crystal. The secondary furnace E is to reduce the

strain on the crystal caused by too rapid a thermal gradient. The whole

apparatus is enclosed in container F so that the crystal can be pulled in

an inert atmosphere at atmospheric or higher pressures or in a vacuum.

Apparatus requirements are very critical. Some of the more Import_It

of these are:

(a) Little or no mechanical fluctuation in the pulling and

rotation mechanism.

(b) A crucible able to withstand the temperature required°

(c) Thermal fluctuations of 0.5°C or less are desirable and

in some cases required.
(d) It must be able to maintain a good thermal gradient°

Pulling rates vary with the material and apparatus but are of the

magnitudes of O.1 to 5.0 cm per hour. Slower pulling rates have a

tendency to produce more perfect crystals. If all apparatus requirements

are met and the starting materlal is pure, the pulling proceeds without

trouble. The only other factor that will affect the quality of the final

crystal is the quality of the seed crystal.

The shape of the final crystal is controlled by the surface tension

between melt and crystal, pulling rate, and temperature gradient, as well

as by the lattice constants of the material° It is possible within limits

to control the shape of the final crystal. The orientation can be

controlled by the use of a properly oriented seed.

Crucible Method

The melt is contained in a crucible and is moved through a thermal

gradient so that an isothermal freezing plane or interface will pass fr_a

one end of the crucible to the other. Many different crucible designs

have been used but the main objective of all is nucleation in which one

nucleus is favored over all others sa_d grows to fill the crucible with a

single crystal. Figure 4.4 a, b, c, and d shows some of the methods used

to insure that only one crystal is formed. They all depend on the
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geometry at the lower end, favoring the selection of a single nucleus.
An oriented seed can be provided if a special orientation is desired.

Figure 4.5 shows the method, as used by Stockbarge_ to grow calcium

fluoride. Two furnaces are placed one above the other, the upper one is

kept at a temperature of 50 to 80°C above, and the lower one at 50 to 80°C

below' the melting point of the material being grown. The two furnaces

are separated by a radiation shield to lower radiation along the furnace
interior and to accentuate the temperature gradient. The hotter furnace_

being at the top, reduces convection currents. The material in the crucible
is melted in the upper furnace and then slowly lowered into the lower

furnace. As the special tip passes through the isotherm corresponding

to the liquidus of the melt, nucleation occurs. As described before, one

nucleus is preferred and, as the crucible is lowered until completely in

the lower furnace, a single crystal is grown that fills the crucible.

The size and shape of the final product is controlled by the size and

shape of the crucible used. The only temperature limitations of this

method are those of the furnace and the crucible. Melts unstable in air

can be grown in gas atmosphere or in a vacuum. The apparatus should be

without thermal or mec_hanical fluctuations andthe crystal melt interface

must be planar (as in pulling).

50-80 ° C
Above Melting

Point

50-80%
Below Melting

Point

Oo o .,
0 0
0 o
0 0

o _.._0
0 o
o o

0 o

o0
0 0
0 0
0 0

0 0
0 0

0
0 o
0 0
0 0

_. Fire Brick

Furnace

• Winding

Radiation
Shield

Refractory
Liner

Fig. 4.5. The stockbarger furnace
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The method of StSber (Figure 4-.6) is a slight variation of the above

method. The furnace C is used to melt the material in the crucible. The

heater D is used to set up a thermal gradient that is independent of the

furnace. As the power to the furnace is decreased, the gradient will pass

from the bottom to the top, and the crystal A will grow as the melt B

solidifies.

o

o

o
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0

0

0

Fig. 4.6.
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The Stober method

Flux Melt Method

This is a technique that has recently become very popular and has

been applied to many materials. It is a simple, fast, and inexpensive

method that uses standard equipment. It is very similar to growth from

an aqueous solution, but here the solvent is made liquid by melting.

Some of the materials that have been used as fluxes (solvents) are Bm0s,

Vm_, NaCI, KF, PbFs, KCI, BiF3, PbO, and Bis0 3.

Enough of the solvent to form a homog@neous melt is placed in a

platinum crucible with the material to De grown, or its constituents.

The material is melted and brought to a temperature of about lO00°C.

This can be done easily in a conventional low-cost laboratory furnace.

The melt is then cooled, the solution becomes supersaturated with respect

to the high melting material, the one to be grown, and crystallization

takes place. If cooling is slow, only a few nuclei will develop or a

seed crystal maybe used. Crystallization is continued until all the

solute is used up. This method has been used to grow beryl, ruby, ZnS,

BaTi03, and ferrite garnets.

There are many modifics tions of the cruible growth method but the

Stockbarger, StSber, andflux method outline the main features.
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4.4 Growth Without a Crucible

Flame Fusion

The flame fusion method was first developed by Verneuil in 1891, for

the growth of synthetic gem corundum (ruby and sapphire). For about 50

years this process was limited to the production of corundum, and spinel.
It has now been extended to other materials and in addition to corundum

and spinel, rutile_ mullite, and scheelite have been grown by this method.

The process consists of a feed device, gas control, properly housed

burner, and a lowering device. A schematic drawing of a commonly used
furnace is shown in Figure 4.7. In operation it consists of an inner

tube carrying oxygen and the raw material, and an outer tube which carries

hydrogen. Finely ground material is tapped at regular intervals, from a

gauze or perforated bottomed powder container, into the oxygen stream and

carried to the tip of burning oxyhydrogen torch. The tip of the oxyhydrogen

flame is directed onto a refractory pedestal. The melted raw material

forms a cone-shaped mound of sintered material on the pedestal. This is

then melted in the flame. A single crystal is formed at the tip of the

polycrystalline mass. The pedestal is slowly lowered and by careful

control of the lowering rate, raw material feed, end temperature a single

crystal boule will be produced. If a particular orientation is desired,

a seed crystal is placed on the end of the pedestal and introduction into

the flame and material is added as it is withdrawn.

The feed process is very critical and produces the chief difficulty.
There seems to be more art than science in the Verneuil method. The

technique is limited to materials that are not easily reduced and is

chiefly applied to refractory materials with melting points between 1700

and 2500°C.

A recent improvement has been the addition of induction and arc

image heating.

Zone Meltin6

The zone-melting method was introduced by Pfann in 1952, and is in

wide use for the removal of impurities and the controlled addition of

desired "doping" to a crystal. The technique can also be used for the

production of a single crystal from polycrystalline raw material.

In the zone-melting method a small molten zone travels slowly through

a solid charge, and, intraveling, redistributes the solutes of the charge.

There are two liquid-solid interfaces, a melting interface and a freezing

interface. The redistributions take place at the freezing interface. In

operation (Figure 4.8), a single crystal seed is placed at one end of a

quartz boat containing a polycrystalline charge. A small portion of the

seed is me]ted in the zone, then the zone is moved toward the polycrystalline

material and the seed is allowed to grow. If optimum conditions are

maintained, little mechanical and thermal fluctuations, a planar crystal-

melt interface, and a slow growth rate, a single crystal should be formed
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Fig. 4.8. Schematic of the zone metting method

the length of the boat. The number, size, travel direction, and the speed

of the zone can be varied to produce the desired results. With close

regulation of the variables it is possible to grow crystals of hlgh perfec-

tion and uniform concentration. Rate of growth is usually in the range

O.1 to 2 millimeters per second. Thls method has been used in the growth

of high quality crystals of germanium and other semiconductors.

Floatln_ Zone

Zone melting can be carried out with a polycrystalllne vertical ingot

that acts as its own container. A polycrystalllne rod (Figure 4.9) is

supported vertically from above so as to touch a seed crystal rod that is

supported vertically upward. The polycrystalline rod is melted onto the

seed by moving a heating zone downward. The direction of the zone is

reversed and the seed grows as the zone moves u_ward along the rod. The

molten zone is held in place by its own surface tension between the two

rods. The molten zone is obtained chiefly by induction heating although
other methods have been used. This growth method is good for materials

such as molten silicon which is highly reactive with crucibles. It also

has been used for rhenium, aluminum, and tungsten.
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4.5 Growth from the Vapor

This method is applicable to many elements and compounds. The

only requirement is that the substance have a high enough vapor pressure.

Growth from the vapor is useful in growing sulfides, tellurldes, and

selinides and halldes that have a high vapor pressure at temperatures

below their melting points, and also for oxides that have melting points
above 250oOc.

The method has not been used as much as the others discussed

chiefly because the crystals produced are usually small. Its ability to

produce crystals that cannot be grown by other methods have caused

increased interest in this method. This interest and proper research

should bring about improvement in the method that will make the growth

of larger crystals possible.

The method consists of vaporization of a material and condensa-

tion in a thermal gradient into single crystal. Figure 4.10 shows a

generalized diagram of the apparatus. TD _ _awmaterial is heated until
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it vaporizes, and a carrier gas then carries it to the cooler part of the
container where it is deposited. The two most important variables are the
temperature of the vapor source and the temperature of the area whenthe
crystal will grow. The first controls the vapor supply, and the tempera-
ture difference betweenthe two controls the supersaturation at the growth
area. The source of vapor is either from the volatilization of a pure
substanceor as a product of a chemical reaction in the gaseousstate.
An exampleof the latter is the reaction of Zn vapor with air to grow Zn0
crystals.

_4V7/L
Crystals /

H eaters
99oo 1"/

oooo-j L,

Carrier
Gas

Fig. 4.10. Apparatus for growth from vapor

The rate of growth is intermediate between the more rapid growth

from the melt and the slower growth from solution. Growth from the vapor

has been used to grow crystals of ZnO, CdS, Mo, Zr, W, CdSe, CdTe, and

whiskers of Fe, Cu, Ni, and Co.

We have considered the crystalline state and the growth of

crystals and will now turn our attention to the glassy state.
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V. GLASS

Glass is a very versatile material. It can be madeto have many
different properties. It canbe colored or colorless, strong as steel or
as fragile as an egg shell, lighter than a cork or as heavy as metal°
In recent years, newand important uses havebeen madeof glass, one of
the newesthas been as a laser material.

Glass is one of the oldest manufacturedgoodsdating back to 3000 or
4000B.C., yet the internal structure of glass is still not completely
knownand, in fact, there is still muchcontroversy over details. It
should be said, in all truthfulness, that glass making dependsmoreon
art than science. This is in part due to the fact that the "glassy state"
has not received as muchstudy as that of the solid state° The research
has been morealong the practical rather than the basic, and has been
restricted to a few companieswith little university or governmentinterest.

Glassy, vitreous _ and amorphousare terms used to describe this non-
crystalline condition. In crystalline material, if the temperature is
increased, a point is reached wherethe energybecomesgreat enoughto
break bonds and the material melts; the temperature remaining constant
until all the solid becomesliquid. In cooling the melt, these phase
chau_esoccur in reverse, liquid to solid. In glass the behavior is quite
different; as the temperature is increased, a point _s reached where the
rigid glass will start to soften and will continue _o soften over a range
of temperature until it becomesa viscous liquid. Whena glass melt is
cooled slowly, it passes through a temperature range where the liquid
becomesan unstable phaseand a crystalline phase or phases appear. The
appearanceof the crystalline phaseis at the liquidus temperature, at
which time the melt is quite viscous, that is, the atomshave low mobility°
If the tendency toward crystallization is great enoughto overcomethe
low mobility and a crystalline material is produced, this is crystallized
or devitrified glass. If, however, the melt is cooled rapidly to below
the liquidus temperature, the low mobility of the atoms overcomesthe
tendency to crystallize? devitrification is not possible, and a glass is
produced.

X-ray photographs of glasses showthat the atomic arrangementexhibit
the samerandomnessin the solid state as in the liquid state° Glasses
are thus sometimescalled "supercooled liquids," because the structure of
the glass is only slightly changedfrom that of the liquid°

5ol Glass Structure

The foundation of our present understanding of the structure of

glass was proposed by Zachariasen in 1932. He wrote a single, short paper
(12 pages) on the subject. He suggested that glass is composed of threes

dimensional random networks of polyhedra (tetrahedra or triangles) of

oxygen ions, at the center of which are ions such as Si4+, I_+, Ba+, or V6+@

These ions and the oxygen form the network and are thus called network

formers. The oxygen ions are of two types, those which belong co two
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polyhedra and are called bridging oxygens, and the non-bridging oxygens,
eachof which belong to a single polyhedron. This forms a very open
structure which has an excess negative chargewhich is balanced by ions
suchas Ca, Fo, Na, located in the interstices of the network and called
"network modifiers." Actually, the presence of these ions modify, to
someextent, the form that the network assumes. Figure 5.1 is a two-
dimensional representation of glass structure as Zachariasen saw it.

The cohesion of the network dependson howopen the structure
is, thus on the percentage of bridging oxygencomparedto the non-brldging
oxygen. Even if the cohesion is good, the network lacks periodicity (at
least long range periodicity). Zachariasen felt that glass softens rather
than melts becauseof its asymmetry, i.e., all the bonds are of slightly
different strength.

• Network Forming ion

• Network-Modifying ion

o Bridging Oxygen ion

• Non-Bridging Oxygen ion

Fig. 5.1 Internal structure of glass

Before Zachariasen's work, glass experts generally regarded

glass as a supercooled solution of various silicate molecules in silica.

In 1921, A. A. Libedev had proposed the theory that glass might consist

of amass of very small crystals called crystallites. The crystallite

theory of glass structure still receives strong support from some Russian

investigators. Much attention is being given to the structure of glass

by the Russians. All-Union Conferences on the Glassy State were held in

1953 and 1959. These meetings produced two large volumes of the proceed-

ings of the meetings which have been translated into English. At both

of these conferences, Lebedev spoke in favor of his theory and received

strong support from quite a few other Russian workers. Porai-Koshits in

his paper at the Leningrad Symposium in 1953, states that the controversy
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is purely a terminological argumentand is useless° And he feels that the
term "polymer-crystallite structure" effectively conveys the significance
of a unified viewpoint. This does take into consideration the work of
Zachariasen, for whenhe proposed that glass was composedof three-dimen-
sional randomnetworks of alternate atoms of Si and 0 joined in long and
cross-linked chains, he wasproposing that glass wasan inorganic polymer°

Zachariasen also gave a set of successful rules for predicting
whether or not a substancewould form a glass, muchlike Pauling's rule
for ionic crystals. Zachariasen discovered that the general formulation
of the characteristics which the structure of an oxide must possess in
order to be able to form a glass is reducedto a geometric problem. This
_ _mplicated since it must be treated in three dimensions, but. he was
able to propose the following rules.

io Every oxygenion must be boundto not morethan two
positive ions, which must be highly chargedand small°

2. The numberof oxygenions which surround suchpositive
ions maynot be too large or too small (3 or 4)°

°

_o

The ion groups adjacent to each other may have common

carriers but no common edges or faces.

There must be ion groups which have at least three

oxygen ions in common with neighboring ion groups°

Every oxide which satisfies these rules is able to form a glass.

But more recently inorganic systems have been found which do not obey t_sse

rules and occur in glassy state. This failure and other shortcomings of

Zachariasen's theory has caused it to undergo almost constant modification

and improvements. Weyl and others have shown the importance of coordina_on

and the deformation of the anions by the cations. Another effect of

coordination can be studied by the "competition principle," this is a

measure of the bonding strength and coordinations and is based on the

"field strength" (F.So).

Z

FoSo aa Z charge on ion

a = distance between the

centers of adjacent ions

Z
When different ions occur in a glass, those with the highest _ value will

be the network-forming ions (smallest coordination number) and those witlh
Z

the lowest a-_ value will have preference for the network modifying positions

(largest coordination number). This points up the fact that the network

formers will be small highly charged ions.

Another modification that Zachariasen's theory has undergone is
the consideration of the effect of bond nature° Zachariasen never considered

the nature of the bond and regarded the polyhedrons to be invariable° Smekal
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and other investigators have pointed out the importance of bond type to "the

structure of the g/mssy state° More will be said about nature of the bond

later.

Zachariasen thought that all positive ions could be divided into

two sharply defined groups, network formers and network modifiers° More

recent studies have shown that three groups exist, network formers, inter-

mediates, and network modifiers°

Table 5ol The Classification of Some Oxides Used in Glasses

Formers Intermediate s Modifiers

_2o, A4 O, MgO
Si% S_ O, ni_0
C_% Zr% _0
PaO, TiO_ CaO
V,O, FoO SrO
As_ 0s BeO Na_ 0

Zno _o

The intermediates approach network-forming proportion but do

not quite make it. But no sharp line exists between classe% some inter-

mediates do on occasion act as network formers in some compositions and

as a modifier in others. For example, in some silicate glasses that contain

large amounts of AI_Os, at least in part, it acts as a network former°

Table 5.2 shows the electronegativity difference and ions

character of bonds common to glasses° It will be seen that the network

formers have low electronegativity differences and low ionic character°

Modifying ions have large values for both and the intermediates have

value in between. Thus glass formers show a high degree of covalent

character but there seems to be a lowel limit, for if the C_O is considered_

a value of 20 per cent ionic bonding is found, but this is not a network
former°

As useful as Zachariasen's theory and its modification have been_

some questions still exist and controversy is still present about the

structure of glass° It is for this reason that glassmaking is still as

much art as science° For a general discussion of the present status of

the structure of glass, the comprehensive review by Porai-Koshits and

Andreav (1959) or the first chapter of Mackenzie (1960) should be consulted.

5.2 Chemistr_ of Glass

Glass of various compositions can be made, in fact many thousands

of different glass compositions have been used, but only a few are common

or important° These are outlined below.

Silica Glass is called fused silica, vitreous silica, or just silica glass_

has low thermal expansion, therefore, high resistance to breakage from
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Table 5.2 The Nature of Common Glass Bonds

Bond Electronegati vity
Difference

Approximate

% Ionic

Character

B-O

As-O

Si-O

Sb-O

Ge-O

Sn-O

Ti-O

Zr-O

Be-O

AI-O

Y-O

Se _0

Mg-O

Ca-O

Sr-O

Li-O
L

Ba-O

Na-O

Rb-O

K-O

Cs-O

1o5

1.5

1.7

io7

1.8

1.8

1.9

1.9

2.0

2.0

2.2

2°2

2°3

2°5

2°5

2.5

2.6

2°6

2°7

2°7

2°7

42

42

5O

5O

55

55

56

56

6O

6o

65

65

7o

75

75

75

8o

8o

81

81

82
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thermal shock. It resists deformation to temperatures of lO00°C and has

good chemical durability but is hard to fabricate° It is a good trans-

mitter of visible and ultraviolet radiation but shows strong absorption
in the infrared.

Soda-Lime-Silica Glass is composed of approximately 75% SiO_, 15% alkaline

oxide and 10% CaO or similar oxide. The alkaline oxides are Lia O, _Oj

and Na_O or a combination, the other oxides are CaO, MgO, BaO, and ZnO or

a combination. These are called lime, soda-lime or soda-lime-silica glasses°

They are used chiefly for sheet glass.

Lead-Alkali Silicate Glasses. In soda-lime-silica glasses when the CaO

content exceeds about 15 per cent the glass is difficult to melt and

devitrifies easily. If FoO replaces the CaO this is overcome and a new

series of glasses are produced. These glasses have very favorable optical

and electrical properties. They have high index of refraction and high

dispersion and are used as radiation shields.

Aluminosilicate Glasses. Silica is still the major oxide of these glasses,

(about 60per cent) but they contain about 20 percent Al_O s and lesser

amounts of the glass-forming PaC_ or BsO 8. They have a low coefficient of
expansion and thus good thermal shock resistance as well as high deforma-

tion temperatures.

Borosilicate Glasses. The best known member of this family of glasses is

Pyrex. Silica is still the major oxide of these glasses but they contain

about 15-30 per cent BaO 3 and only small amounts of alkali and AL_Oso In

these glasses BaO 3 serves as both a glass-former and as a flux for the

Si_. These glasses have great resistance to thermal shock, are chemically

stable, and have good electrical properties.

Borate Glasses contains little or no SiOm, about 40 per cent B_Os, and 20

to 30 per cent BaO plus a combination of other oxides. For example, for

use in sodium vapor lamps, in addition to the above, the glasses also

contains about 30 per cent AlmO s and about lO per cent MgOo Another

borate glass containing large amounts of lanthanum will be described

later, under the heading Optical Glasses.

Phosphate Glasses. A group of glasses in which Paris the chief or only
glass-forming oxide.

Colored Glasses. These are normal glasses which contain colored ions

(transition group elements). A comprehensive test on the chemistry and

properties of colored glasses is offered byWeyl. Some of the ionic colors

produced in glasses are listed in Table 5.3.

Optical Glasses. These are glasses which have very good homogeneity,

accurately defined and uniformvalues of dispersion and index of refrac-

tion. Index variation is usually about _ O.OO1 to _ 0.003° They also

usually have maximum transparency, chemical stability, and controlled

coefficient of expansion. Many have special properties such as radiation

resistanc% infrared transmission, etc.
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Of possible interest in laser research are the glasses developed by

G. W. Morey which contain large amounts of lanthanum oxide, with substantial

quantities of boron, thorium, tantal_n, tungsten and zirconium oxides but

little or no silica. Eastman Kodak manufactures these rare element glasses

(see Eastman Kodak, 1958).

For a detailed discussion of optical glasses see Morey (1954).

Table 5.3 Ionic Color in Glass

Fe+++ green

Mn +++ pUrple

Co++ blue and pink

Ni++ red

Cu++ greenish blue

Cr+++ green

U 6* green

U 4+ green

V+++ green

6+
W blue

6+
Mo green

Nd +++ purple

pr +++ green

Ti 4+ yellow

Ce+++ brown

5.3 Optical Properties of Glass

The optical properties of glass have been thoroughly studied and

hundreds of glasses are available, both clear and colored. It is possible

to vary the optical properties, and many glasses exist that have very

special optical properties. General references would include Morey, 1954,

and Shand, 1958, and the literature of the glass-producing companies.

Refractive Index.--Ranges from 1.458 for silica glass to over 2.00 for

very dense optical glasses. T_e related dfelectric constant varies from

about 3.7 for silica glass, to a maximum of 16.O or more for high lead

glasses.
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Absorption and Transmission. Absorption varies greatly from one wave-

length to another; in colored glasses the selective absorption is re-

sponsible for the color. Good colorless glasses show small but_quite

uniform absorption for all wavelengths between 4000 and 75,000 _. The

best optical glasses have a 99 per cent transparency throughout the

visible spectrum, as a result of the great care taken to exclude im-

purities 3 especially iron. Common window glass has a transparency of

from 85 to 90 per cent in the visible range.

Most of the absorption of glasses in the infrared region is

related to vibrations of the constituent elements in the lattice. All

silicate glasses, colored or colorless 3 begin to show strong absorption

between four and five microns and transmit little beyond this. An ab-

sorption edge not far beyond three microns, is attributed to certain

vibrations involving silicon and oxygen. A treatment of these vibra-

tions is to be found in a chapter by Simon in MackenzieUs (1960) book.

FeO also shows strong absorption in the infrared about one micron.

In general, the absorption bands of potassium glasses are

sharper than sodium glasses and phosphate glasses show sharper bands

than silicate glasses. Rare earth ions in all show the usual sharp
absorption bands characteristic of them.

Fluorescence. Weyl in his book, devotes several complete chapters to

fluorescence in glasses. The fluorescent ions discussed include: Pr,

Nd, Eu, _n, Ce, Mn, U in great detail, T1, Sn, Pb, and V.

A maximum of fluorescence usually accompanies additions below

one per cent, further additions causing interference between the fluor-

escing systems themselves. For example, silicate glasses containing
more than lO per cent Nd +++ oxide do not fluoresce. Small amounts of

iron also frequently "quench" fluorescence.

We have considered the nature of solid materials that might

contain laser ions, both crystalline and non-crystalline. Next, we

will consider briefly the nature of some of the laser ions.



VI. IONSOFINTEREST

Wehave taken a brief look at the nature of crystals and glasses
which act as carriers of laser ions, but what about the nature of these
ionsY A basic discussion will be given of rare earth elements:andto a
lesser extent the actinide elements. This will be done because in general_
these groups are less well knownthan other transition groups and also
becauseas laser ions the rare earths are the most interesting.

6.1 Rare Earth Elements

What is the rare earth series? This is not a simple question,

because a pr_oiem in nomenclature exists. The most widely accepted use

of the term rare earth series, or lanthanide series, is for the elements
lanthanum to lutetium (57-71)o Some chemists include yttrium (39) or both

yttrium and scandium (21) because of their close chemical similarity to

other members of the series. Vickery has proposed the use of lanthanons

for elements (57-71) and of rare earths for elements No. 57-71 plus 21

and 39. We shall consider the rare earths as La (57) plus the elements

where the 4f orbitals are being filled Ce (9) to Lu (71)o

The rare earths are a group of elements that in the periodic

table are usually set off by themselves because they interfere with the

regular nature of the sixth period. The elements are included as a group

occupying the position of a single element in Group III of the sixth

period. This sort of arrangement is made so that elements that are similar,

such as zirconium ahd hafnium, will fall under each other in the periodic

table. They are actually a transition group occurring at the start of

the third transition group. Besides this uniqueness of placement in the

periodic chart, the rare earths are also unique in their electronic

configuration (except for the Actinides). This leads to some very

interesting chemical and spectral properties.

Electronic Confisuration

As shown in Table 6.1, the idealized configuration of the rare earths

is: (ls)_(2s) _ .o.(4f) x (5s) z (Sp) s 5d (6s) _ where x is 0 to 14o

The electrons are added to the well shielded 4f shell. There are

seven 4f orbitals, each with a capacity of two electrons. The probable

configuration is also presented in Table 6.1. It shows that the single

5d electron has a tendency to drop to the 4f level. If this is true and

we limit the term rare earth to those atoms whose configurations have an

incomplete 4f shell, lanthanum and lutetium would be excluded. However,

because of the small chemical difference caused by the energy difference

between a 4f and 5d electron and the close chemical similarities of these

and, the other rare earth elements, it is best to consider elements 57 te

71 as a group.

Oxidation State and Ionic Size

The characteristic oxidation state of the rare earth elements is 3+,

having lost (if present) 5d, and the two 6s electrons and certain 4f
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electrons. Tb_s, as Table 6o! shows, the 3+ ions do show a re_!ar

addition of an electron to the 4f shell between element 57 and 71o As

Table 6.1 indicates, both 2+ and 4+ ions are known, but these are not as

stable and &re less common° Rare earth ions of the valence of both 2+

and 3+ have shown laser actions°

Within a normal period of the periodic table an increase in atomic

number is paralleled by an increase in atomic size° This is because the

addition of electrons produces an enlarging effect greater than the

contracting effect of the increase_ nuclear charge. In the rare earths

the added 4f electrons are so effectively masked, by the overlying higher

energy subshells, that it cannot balance the increase in nuclear charge,

and the size of the atom and therefore the 3+ ion decreases in going from

L_ to Lu. This decrease is called the lanthanide contraction, and it has

considerable effect in determining the ability of elements to substitute

for one another° It causes such anomalles_size as Zr (atomic weight 91)

having almost the same radius as Hf (ato wt. 178o6) and the fact that in

nature these two substitute for one another freely° The size of the 3+

ion is rather similar throughout the rare earth series, Table 6ol (after

Zachariasen, 1954), about a 15 per cent variation, and this is the reason

for the fact that all rare earths form similar compounds° It was also

this fact that made separation of rare earths so hard and made pure rare

earth compounds expensive and rare for so longo

A consideration of ionic size would seem to indicate that y+S (.92)

and Bi4a (.93) would be the most promising for which a rare earth might

substitute. The most common substitution in nature is for Ca++ (.99)

this is probably, at least in part, due to the fact that Ca is very
abundant in nature. But another possibility is Sr ++ (lol2), with Ca being

best for the smaller rare earth and Sr for the larger, but in both cases

something must be done to balance the charge° Another place that substitu_

tion can and does take place is for the actlnides and this will be

discussed in more detail later°

Spectra

The 4f filling which produced such a small chemical effect in the

r_re earths, plays a large part in determining energy states and thus the

spect_. Characteristic of most rare earth ions is the color that it has

in liquids, solids, or glasses. The characteristic colors of all the 3+

rare earth ions are given in Table 6ol and those in other oxidation states
in Table 6°2

Table 6°2 Color of Nontripositive Ion

Ce++++

pr++++

Sm++

Eu ++

Tb++++

yb ++

Orange _red

Black (in Solid Pr%)

Deep red-brown

Pale yellow

Brown (in Solid TbO_ )
Green
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Absorption Spectra

Table 6°3 shows the significant absorption of various 3+ valent rare

earth ions. It is interesting to note that in the rare earths absorption

spectra shifts toward the ultraviolet until gadolinum is reached, then
the trend is reversed.

Table 6.3 Significant Absorption Bands o
in the Range 2,000 - i0,000 A

o

3+ Absorption Wavelength, A
I on

La None

Ce Ultraviolet

Pr Visible

Ultraviolet-visible-
Nd

near infrared

Pm Visible-near infrared

Ultraviolet-visible-
Sm

near infrared

Eu Ultraviolet

Gd Ultraviolet

Tb Ultraviolet-visible

Ultravlolet-near
Dry infrared

Ho Ultraviolet-vislble

Ultraviolet_visible-
Er

near infrared

Ultraviolet-visible-
Tm

near infrared

Yb Near-infrared

Lu None

2105, 2220, 2380, 2520

4445, 4690, 4822, 5885

3540, 5218, 5745, 7395, 7420, 7975, 8030, 8680

5485, 5E80, 7025, 7355

3625, 3745, 4020, 9550

3755, 3941

2729, 2733, 2754, 2756

3694, 3780, 4875

35O4, 365O, 9100

2870, 3£111, 4508, 5370, 6404

3642, 3792, 4870, 5228, 6525, 6820, 7800, 9725

3600, 6825, 7800

9750

The absorption spectra of the rare earths is characterized bya narrow

sharp well-defined absorption band° This is in contrast to the usual

transition metal ion spectra, which show broad absorption bands° The only

other ions with such linelike absorption bands are the actinideso

As for the nontrivalent ions, Sm ++, Eu++, Yb ++, all show intense

absorption in the ultraviolet, Ce++++shows broad absorption in the blue

and ultraviolet, and Pr ++++ and Tb ++++ show strong absorption in the

visible and ultraviolet° The divalent rare earth ions show very strong

absorption bands above the fluorescent metastable transition and are very
suitable for laser materials°

The complexity and sharpness of the absorption bands arise from pure

electronic transitions involving the 4f subshell and the fact that since

the 5s and 5P outer shells protect the 4f electronic energy states from
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major perturbation by ionic fields outside the atomic system° This shield-
ing is sufficient to reduce the crystalline stark splitting of the free
ion terms to hundreds of cm-I from the thousandsof cm-I commonin other
transition groups° W_thin the group, the st_rk splitting is an inverse
function of (x) dimirishing from about 6OOcm=I for Ce+++ (x-l) to about

lOOcm -I for Yb +++ (x-13)o

The absorption and also fluorescence spectra of rare earths contain

lines of four main types (Yost, Russel, Garner, 1947)o

io Intense, sharp lines in widely separated groups°

2o Weak, but still sharp lines, usually occurring as

satellites on the violet side of lines of the first

type.

3o Weak, diffus_ usually ]ying on the violet side of

the first type _lSOo

4. Strong, difluse bands in the ultraviolet that show
no structure°

Prandt and SchRiner (1934) gave a description of the spectra over tlh_
range 2000 to 8000 _o Moeller and Brantley extended the range to 10,O00 A,

and in a more recent study Stewart and Kato (1958) restudied the visible

range. Some of the most recent studies have been those of Dieke and h_s

fellow workers at John Hopkins and Van Uitert and his fellow workers at
Bell Laboratories.

Fluorescence Spectra

The fluorescence of materials containing rare earths hss long been

known and used° But it was not until the work of Tomaschek and Deutschbein

(1933) that the fluorescence of pure salts cf rare earths and their aqueous
solutions were discovered° Much of t_e information about the fluoresence

spectra of rare earths is to be found in the works of Tomaschek and

Gobrechto The same papers also contain much of the early work on the

energy levels of rare earths° An interesting fact about the fluorescence

of pure salt is that it takes place only in Sm, Eu, Gd, Tb, and Dyo Here
again the work of Dieke and his coworkers and Van Uitert and his coworkers
should be noted°

The fluorescence yield of materials containing rare earths, glasses,

crystals, liquid solutions, and solid solutions are high because of the

protection against perturbation of the 4f electron. The yield approaches
100% even in liquid sol_ionso

KrSger (1948) contains tables of the colors of luminescence produced

by rare earths in various materials with references to the orginaJ work.

This is briefly summarized in Table 6.4 without regard to material°

Optical Emission

The emission spectra of the rare earths are highly complex with

thousands of lines of nearly the same intensity and lacking the characteristics

intensity.of lines found in the emission _pectra of other elements° _ly
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Table 6oh Color of Luminescence
(Assorted Media)

Ce8+

Er s+
Eu3+
Eu_+
Nd z+

pr3+

Sm s+

Sm m+

Tb a+

Tu _+

Tu s+

yb z +

violet - ultraviolet

blue + green, green

orange + infrared, red

blue, green

blue + green, blue + green + infrared, green

green + red, green - infrared

orange, orange + infrared

red

ultraviolet - red, green + red, blue green - infrared

red

blue, blue - infrared, ultraviolet - infrared

yellow greenish, infrared, orange - red

La, Eu, and Tm have simple spectra° The reason for the usual emission

spectra is again due to the 4f filling. Table 6.5 presents the most

persistent lines in the emission spectra of each rare earth. Norris

(1961) gives a complete listing of the emission lines of the rare earths.

Table 6.6 contains a list of rare earth minerals and other minerals

that contain rare earths in lesser amounts.

6.2 Actinide Elements

The actinide elements are a second rare earth series, in which

the 5f electron shell is filled, beginning with actinium (89) and going

through element 103. This group includes the three natural elements

thorium, protactinum, uranium, and the synthetic transuranium elements°

The oxidation states of the actinides are listed in Table 6.7.

The greater number of oxidation state, than in the rare earths, is due to

the weaker binding of the 5f than the 4f electrons.

The absorption spectra of the actinides is much like that of

the rare earth elements, containing a complex spectra with narrow bands

in the visible, near ultraviolet and near infrared regions° The narrow

bands, as in the rare earths, is attributed'to electronic transitions in

an inner shell, the 5f for the actinides. The spectra is actually ten
times more intense than that of the rare earths because of the reduced

shielding of the 5f electrons° Table 6.8 shows the common ionic types

and their color in aqueous solutions_ a blank means the state does not

exist in aqueous solution.
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Table 6.5 Most Persistent Lines of

Rare Earth Emission Spectra
(in_)

Ce 3942 Y 3242 Tm 3362

4012 3327 3425

4040 3600 3462

4133 3710 3717

4572 41o2 3848

Sm 3568 Pr 3908 Lu 2615

3592 4100 2911

3609 4179 3077

3634 4222 3359

3885 4225 3397

4424. 4408 3507

Tb 3324 Eu 2727 La 3337

3509 3819 3790

3561 3930 3794

3585 3971 3949

3676 4129 3988

3874 42O5 4O86

Er 3372 Dy 3407 Nd 4012

3499 3531 4061

3692 3645 4109

3906 3944 4156

4007 4000 4303

4419 4211 4325

6d 3350 Ho 3398 Yb 3107

3362 3456 3289

3422 3796 3694

3646 3891 3987

3671 4053 5356

3768 4103 7699
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Table 6.6 Minerals that Contain Rare Earths

Mineral Formula

Parisite

Cordylite

Bastnaesite

Cerite

Lanthanite

Allanite

Beckelite

Chevkinite

Hellandite

Monazite

Aeschynite
Gadolinite

Yttrialite

Rowlandite

Thalenite

Keilhanite

Yttrocrasite

Delorenzite

Xenotime

Yttrofluorite

Yttrocerite

Samarskite

Fergusonite
Euxenite

ca(ce,La),(c%)s_,
B_ (ce,La)s(c%).Fs
(La, Ce)FCOs

(ce,ca)_Si%
(_,ce)_(c%). "9%0
(Ca, Fe++), (R*, AI, Fe_++)4 Si4 01s (OH)a

Ca3(Ce,La),Sis 01s
(Fe++,Ca)(Ce,_)_ (Si,Ti).0_o
Ca_ (R*, AI_ Fe, Mn) e Si40lo

(ce,_,Y,_h)PO,
(Ce,Th) (C5 ,Ti)m (0, OH)s

B%Fe(YO)a(SiO,)_
(Yt,C<l)aSim% + Th%

Yt 4Sis 01

Ytm Si2 07

(Ca,Ti,Al_Fe_)Si%
Yt_ Ti4 01

F%YtUTim_ _ m

YP0,

CaF s - YF S
caFa (Y,Ce)F.
(Yt,U, Fe, Th) (Cb,Ta), %

(Yt,Er) (Cb,Ta) 04

(Yt, Er, Ce, La,U) (Cb,Ti,Ta)_ (0, OH)s

Minerals that Contain Appreciable

Amounts of Rare Earths

Baddeleyite
Pitchblende

Columbite

Ilmenite

Rutile

Tantalite

Thorite

Thorianite

Titanite

Zircon

Zr%
u%

F_i%
TiO_

(Fe,Nn)Ta.%
ThSi%
ThO 8

CaTiSi%

ZrSiO 4

(R* _ Rare Earths)
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Table 6.6 (Continued)

Mineral Formula

Calcite CaC.0s

Apatlte Ca4(CaF)(P04) s

Fluorspar CaF a

Cassiterite Sn0_

Scheelite CaW04

Wolframite (Fe,Mn)W0 I

Powellite CaMo04

Zirkelite (Ca, Fe)(Zr,Ti)m _
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Table 6o7 Oxidation States of Actinides

(see Asprey and Cunningham, 1960)

Atom Element
Number

Oxidation States

89 Actinium 3

90 Thorium (2) 3 4

91 Protactinium 3 4

92 Uranium 3 4

93 Neptunium 3 4

94 Plutonium 3 4

95 Americium (2) 3
96 Curium 3 4

97 Berkelium 3 4

98 Californium 3

99 Einsteinium 3

i00 Fermium 3

5
5 6
5 6
5 6

5 6

Table 6.8 Color of Actinidic Ions

(from Seabcrg, 1958)

A+++ A++++ A0 m+ AOa++'

AC Q_ ---- mm --m

Th -- colorless ....

Pa -- colorless colorless --

U red green ? yellow

Np blue-purple yellow-green green pink to red

Pu blue-violet orange-brown purple yellow to orange

Am pink -- yellow tan

Cm colorless ......

Fluorescence inactinide compounds can generally be observed if

properly excited, and the fluorescence of uranium is well known and much
used.

The chemical properties of the actinides and their compounds are
similar to those of the rare earths. Some of the actinide compounds are

presented in Table 6.9. It is also interesting to note that an actinide

contraction also exists. (Table 6.10) An effect of this contraction is

that, in general, the size of the actinide ions are near those of the

rare earths and may substitute for them and the elements for which they

substitute. (See Table 6.11)
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Table 6.9 Properties and Crystal Structure Data
for SomeImportant Actinide Compounds
(after Seaborg, 1958)

Compound Color Symmetry SpaceGroupor
Structure Type

ThH_
Th4 H_s
P_
8-uHs

I_P4nls

Pu_
Am_
_H_s
Ac_ 0s
_os

ThOa
_o_

NpO_
_o_

AcF s

UFs

NpFs

PuF s
AmF s

CmFs
AcCl s
UCI s

NpC4
PuC1 s

AmC1 s

AcBr s
UBr s
_-NpBr s

S-NpBrs

PuBr s

AmBrs

ThF 4

PaF,
.UF4

NPF 4

PuF 4

AmF 4

Black

Black

Black

Black

Black

Black

Black

Black

Black

White

Tan

White

White

Black

Brown to black

Apple green

Yellow-green to brown
Black

Black

White

Black

Purple or black

Purple
Pink

White

Red

White

Emerald green
Pink

White

Red

Green

Green

Green

White

White

Reddish brown

Green

Green

Brown

Tan

Tetragonal
Cubic

Cubic

Cubic

Cubic

Hexagonal
Cubic

Cubic

Hexagonal

Hexagonal

Hexagonal

Cubic

Cubic

Cubic

Cubic

Cubic

Cubic

Cubic

Cubic

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Orthorhombi c

Orthorhombic

Orthorhombic

Monoclinic

Monoclini c

Monoclinic

Monocllnlc

Monoclinic

Monoclinic

ThD a

F_m
P6slmmc

_os
L_0s
L_Os

Fluorite

Fluorite

Fluorite

Fluorite

Fluorite

Fluorite

Fluorite

LaFs
LaFs
LaFs
LaFs

LaFs
_Fs
UCI s

C_/m
c_/m
C¢/m
C¢/m
C6s/_
C6s/m

c_Im
Ccmm

Ccmm

Ccmm

UF4

UF4
C27 c

UF,
UF4

UF4
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Table 6.9 (Cont.)

Compound Color S2mmetry Space Group or

Structure Type

CmF4 _

ThCl,

PaCl,
UCA

NpCI,

UF6

 pF.
PuF e

White

Greenish yellow
Green

Red-brown

White

Brown

Reddish brown

Monoclinic

Tetragonal

Tetragonal

Tetragonal

Tetragonal

0rthorhomblc

Orthorhombic

Orthorhombic

UF 4

I4/amd

I4/ md
I4/amd

Pama

Pnma

Table 6.10 Ionic Radii of the Actinidies

(after Zacharlasen, 1954)

Atomi_

Number
Element 3+ 4+ 6+

89

9o

91

92

93

94

95

Ac

Th

Pa

U

Np

Pu

Am

i.ii

i.08 O o99

1.05 0.96 0.90

1.o3 o.93 0°87

io01 0.92 0.88

1.00 0.90 0.87

0.99 0.89 0.86

0.83

0.82

0.81

0.80
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Table 6.ll SomeIsostructural Compoundsof Actinide
and Lanthanide Elements (after Makarov)

Compound
type

Structure
type Actinide compounds Lanthanide compounds

Halides

Hydrides

O

•r4 cD _o

O

Q)

_ O_

_._

_ _+_
•r4 .r4 _)

r_

r

NaCI

CaFa

-Nb2

_h_P_

_INaC1

NaC1

CaC_

FeB

O_ThSi_

CaPb 3

I AIB_

M_Cu_

B_

ThF4;UF4;NpF4;PuF,

AcFs ;UF3 ;NpFs ;PuF s ;AmF 3

uc4 ;AsC4;NpC4; PuCk,;
AmCl s"UBrs ;AsBr 3 ;NpBr s

Th_ ;ThD s

UO_ PaO; NpO; PuO; AmO; ThS;

US; PuS; ThSe; USe_ UTe_
PuTe

Pu_ Os ;A% Os

ThO_ ;UO_

_,_s_--P_,%

ThN; UN; PuN_ NpN; ThPo, _s ;
UP; PuP;ThAs_ UAs; PuAs;

USb; UBi; PuBi

ThC; UC_ PuC; NpC

uc_

USi; PuSi

o_ThSim ;(_-USim__-PuSim ;

NpSim ;PuGem

USis ;UGes ;USn S ;UFo s

ThFos; PuGes; PuSn s _PuPb s

UB_;UGa_ ;ThAI_

ThB_ ;UB_

UA4 ;PuAI_ ;NpAl_

UAl_

CeF_

LaF s _CeF s ;PrFs NdF _ ;SmFs

LaCI S _CeCI s _PrCls ;NdCI s

laBr s ;CeBr3 ;PrBrs

CeS; EuS; EuSe _EuTe; YbSe;
YbTe

La_ O_ ;C% O_ ;Prz Os ;Ndm 0s

Ce% ;PrO_

Ces Ss --Ces S_

LaN; CeN; PrN_ NdN; GeN; LaP;

CeP; PrP; NdP; LaAs; CeAs;

PrAs; NdAs_ LaSb_ LaBi; CeBi;

CeSb; PrSb; PrBi

laC_ _CeC_; PrC z;NdC_ ;SmC$

LaSim _CeSis ;PrSim ; NdSfs ;

smsim _PrO%

CePbs _CeSn s ;LaPb s ;LaSn s ;

PrFo s _PrSn s

LaGa_ ;CeGa_ _PrGa_

CeB,

LaB_ ;CeB_ _NbB_ _etc°

CeAlm ;LaA/m

LaAl_ _CeAl_
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Table 6°11 (Cont.)

Compound

type

Structure

type
Actinide compounds Lanthanide compounds

_H

.4 t_

H

f
/NaZnl s ThBel s ;UBel s ;PuBel s

NpBe Is

ALBa ThZn,; UH_

ThMn: _ ThMn_ a

MgZn s ThMn s ;PuOs a ;UNi_

MgCt_ UM_ ;PuMn m ;PuFe2 UFe m ;

UOs_; PuC% ;UCo s ;PuNi s ;

UIra

CaZ_ ThFe_ ;ThC% ;ThN% _PuNi s

CeBels

CeCos ;CeNi s ;iaNi s ;PrNis ;

PrNi s ;CeFes $CePt s

faN% ;CeCo s ;CeN% ;PrNi s

In general, it is not easy to grow single crystals of strongly
radioactive substances° This is because the radioactive material causes

destruction of the crystal lattice in the vicinity of its location.
There is also a health hazard.

6.3 Other Ions of Interest

In a paper of this length, it would be impossible to discuss

the 30 elements of the other three transition groups, even in the short

and elementary manner that was used for the rare earth and actinideso

This is due to their number and the fact that the close relations that

exist within the rare earth and actinide groups are not present in the

other groups. There exists for some of these elements books dealing with

their chemistry and compounds, and these are listed in the bibliography.

If interest in a given element or group arises, a check of a geochemistry

book such as Rankama and Sahama would give some idea of its occurrence in

nature and Lang's Handbook of Chemistry would give most of the common

compounds. A consideration of the ionic radius and charge should make

it possible to predict substitution for other ions in a given crystal

structure. Spectral information will probably require a search of the
literature.
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Zachariasen, W. H. in G0 T. Seaborg and Jo Jo Eatz, (Eds°), The Actinide

Elements, The McGraw-Hill Book Coo, New York, Chap° 18, (1954)o
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VII. GENERAL REFERENCES

BIBLI(X_RAPHY

Part A

7.1 Abstracts and Related Material

ASTIA Technolo_ Abstracts Bull.

Ceramic Abstracts, American Ceramic Society.

Chemical Titles, American Chemical Society.

Current Chemical Papers, The Chemical Society of London.

Journal of the Society of Glass Technology, Sheffield, England. Includes

Abstracts.

Ke_ords Index To U.S. Government Technical Reports (Permuted Title Index)
Office Technical Services.

Mineralogical Abstracts, The Mineralogical Society of Great Britian,
London.

N.A.S.A. Scientific and Technical Aerospace Reports, (formerly) N.A.S.A.
Technical Publications Announcements. Abstracts with index.

Nuclear Science Abstracts, United States Atomic Energy Commission, Office

of Technical Information, Oak Ridge, Tennessee.

Science Abstracts - Section A t Physics, The Institution of Electrical
Engineers, London.

Solid State Abstracts, Cambridge Communication Co., Cambridge, Massachusetts.

7.2 Solld-State Physics

Azaroff, Leonid, Introduction to Solids, McGraw-Hill Co., New York, (1960).

Simroot, Maurice J., The Solid State for En6ineers, John Wiley and Sons,
New York, (1958).

Both of the above give good general coverage of the solid state.

Kittel, Charles, Introduction to Solid State Physics, 2nd (Ed.) John
Wiley and Sons, New York, (1956).

A little more advanced than the other two, but with less overall
coverage.
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7.3 Cr_stallography

Berry, L. G., and Mason, Brian, Mineralogy, W. Ho Freeman, San Francisco,

(1959).

Buerger, M. J., Elementary Cr_stallographF, John Wiley and Sons, New York,
( 956).

Dana, J. D., A System of Mineralogy (6th Ed.; 1892), rewritten by Eo S.
Dana with supplements 1899, 1909, 1915, John Wiley and Sons, New York°

Donnay, J. D. H., Rules for the Conventional Orientation of Crystals,

.................... _ 28, _-_ _y=Jl.

Ford, W. E., Dana's Textbook of Mineralo_ (4th Edo), John Wiley and Sons,

New York (1955)o

Groth, P. H., Chemische Kr_stallo_raphie, 5 Volumes, 1906_1919, Wilhelm,

Engelman, Leipzig.

Hey, M. H., Chemical Index of Minerals, (2nd Ed.) British Museum, London
(1955).

_+ John WileyHurlbut, C. S. Jr., Dana's Manual of Mineralogy (=,_h Ed.),

and Sons, New Yor--_-(1959).

Palache, C., Berman, H., and Frondel, C., Dana's System of Mineralo_
Vol. I (1944) and Vol. II (1951), John Wiley and Sons, New York°

Phillips, F. C., An Introduction to Crystallography, (2nd Edo) Longmans

Green and Co. Ltd., London (1956).

Porter, N. W., and Spiller, R° C., The Barker Index of Crystals, Volo I

with 2 parts and Vol. II with 3 parts (1951 - 1956), Wo Heffer and

Sons Ltd. Cambridge.

Terpstra, Po, and Codd, L. W., Crystallometry, Academic Press_ New York
(1961)o

Wolfe, C. W., Manual for Geometrical C_stallography , Edwards, .Ann Arbcro
Michigan, (1953).

Woolfson, M. M., Direct Methods in Crystallogra_hy_ Clarendon Press_
Oxford, (1961).

7.4 Group Theory

Belov, N. V., A Classroom Method for the Derivation of the 230 Space

Groups, Proceedings of the Leeds Philosophical and Literary Societ_
Scientific Section VOlo 8, pt. 1 (1957)°
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Bhagavantam, S. and Ven_tarayudu, T., Theory of Groups and Its Application

to Physical Problems, (2nd Ed. ), Anahra University, Waltair, India,

(1951).

Buerger, M. J., Elementary Crystallography, John Wiley and Sons, New York,

(1956).

The application of point and space groups to crystals.

Heine, V., Group theory and its application to Quantum Mechanics. Pergamon

Press, New York, (1960)_

Henry, Norman F. M., and Lonsdale, Kathleen, International Tables for

XTray Crystallography, The Kynoch Press, Birmingham (1952).

A compilation of the results of the application of group theory to

crystallography. (Shown with diagrams.)

Higman, B., Applied Group-Theoretic and Matrix Methods0xford University
Press, (1955).

Weyl, H., The Theory of Groups and Quantum Mechanics, Translated into

Englishby Ho P. Robertson, Dover Publications, Inc., New York,
(1928).

Wigner, E. Po, Group Theory and Its Application to the Quantum Mechanics

of Atomic Spectra, Academic Press, New York, (1959).

Wyckoff, Ro Wo Go, The Analytical Expression of the Results of the Theory

of Space Groups, Carnegie Institution of Washington, Washington, D. C.,
(1930).

7.5 Crystal Chemistry and Structure

Bragg, W. Lo, The Crystalline State, Vol. I, (1933) and Vol. II (1949),

George Bell and Sons Ltd., London.

, Atomic Structure of Minerals, Cornell Univ. Press,

Ithaca, New York, (1937).

Buerger, Mo J., Crystal Structure Analysis, John Wiley and Sons, New York

Bunn, C. W., Chemical Crystallo6raphy (2nd Ed.), Oxford Univ. Press, London
(1961)°

Deer, Wo Ao, Howie, R° Ao, and Zussman, J., Rock Formin_Minerals, Vol. I

Ortho and Ring Silicates (1962), II Chain Silicates (1962), III

Sheet Silicates, IV Framework Silicates, and V Non-Sillcates,

Longman, Green and Co., London.
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St_cttl]_, _.h_m_st.ry,optical and physical _ti_ _ well _ a
good list of references are given for each mineral°

Donnay,J. D. H., and Nowacki, Werner, Cr_stal Data, The Geologic Society

of America, Menoir 60, (1954).

Evans, R. Co, An Introduction to Cr_stal Chemistry_ Cambridge Univ. Press_
London, (1948).

Garner, W. E., (Ed.), Chemistry of the Solid State, Butterworth Scientific
Publications, London,(1955).

Hassel-Evans, Cr_stal Chemistr_r, William Heineman Ltdo, London, (1935).

Kitaizorodskii, A. I., Or_ic Chemical Crystallography, (Translated to

English) Consultants Bureau, New York, (1961).

Structure and crystal chemistry of all pre_January i, 1958, organic
materials are given.

Koerber, George G., Properties of Solids, Prentice=Hall Inc., Englewood
Cliffs, New Jersey, (1962).

Pauling, Linus, The Nature of the Chemical Bond (3rd Ed.), Cornell Univ.

Press, Ithaca, New York, (1960).

Stillwell, Charles W., Crystal Chemistry, McGraw-Hill, New York, (1938).

Strunz, H., Mineralo_ische Tabellen (3zd Ed.), Akademische Verrlazsgesell-
schaft, Leipzig, (1957).

Wells, A. F., Structural Inorganic Chemistr_ (3rd Ed..), Oxford Univ. Press_
London, (1962)°

Wilson," A. J. C. (General Ed.) Structure Re_orts, Vol. 8, (1956) to Vol.
19 (1962) N. V. A° Oosthoek's UitgeversMIJ_ Utrecht for the Inter=

national Union of Crystallography. (Before World War II _ Struk®

turbericht printed in German).

Wyckoff_ Ralph W° G., Cr_stal Structures, 5 volumes 1948 = !960 with
sheets added, Interscience Publishers Inco_ New York°

7.6 Crystal Growth

Bennett, Fo G., Crystal Growth_ Comprehensive Bibliography, 1951_57, O.T.S.

U° S. Depto Comm. NAA®SR Z696 (1958).

Buckley, H. Eo, Cr_stal Growth, John Wiley and Sons_ New York_ (1951)°

De Key_er, W., and Amelinckx, S., Les Dislocations et la Croissance des

Cristaux, Masson et Cie, Pari_1955).
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Doremus,R. D., Roberts, B. W., Turnbull, D., (Eds.), Growth and Perfection

of Crystals, John Wiley and Sons, New York, (1958).

Gilman, J. J. (Ed°), The Art and Science of Growln_ Crystals, John Wiley

and Sons, New York (to be released in 1963).

Holden, Alan, and Singer, Phylis, Crystals and Cr_stal Growing, Doubleday
and Company, Garden City, New York, (1960).

An elementary approach.

Knacke, 0., and Stranski, I. N., Die Theorie des Kristallwachstums, Erg.

E___. 26, 383-427 , (1952).

Laudise, R. A., Hydrothermal Synthesis of Single Crystals; in Progress in
Inorganic Chemistry, Vol. III, F. Albert Cotton (Ed.), Interscience

Publishers, New York, (1962).

lawson, W. D., and Nielson, S., Preparation of Sin61e Crystals, Academic

Press, New York, (1958).

Matz, G., Die Kristallisation in der Verfahrenstechnik, Springer, Berlin,
(1954).

Mullin, J. W., Cr_stallization, Butterworth Inc., Washington, D. C., (1961).

Pfann, W. G., Zone Melting, John Wiley and Sons, New York,(1958).

Shubnikov, A. V., and Sheftal, N. N., Growth of Crystals, Vol. I 1958,

Vol. II 1959, Consultants Bureau, Inc., New York.

Van Hook, A., Cr_stallization: Theor_ and Practice, Am. Chem. Soc. Mono-

graph 152, Reinhold Publishing Co., New York, (1961).

Verma, A. R., Cr_stal Growth and Dislocations, Academic Press, New York,
(1953).

Wilke, K. Th., Crystal Growing since 1945, Fortschr. Min° 34, 85-150

(1956) also U. S. Dept. Com., Office Tech Serv., P B Repto 150547,

Appendix A, (1960).

The Faraday Society on Crystal Growth at Bristol, Disc. No. 5t Discussions

of the Faraday Society, (1949).

7.7 Crystal Physics

AmorSs, J. Lo, Cr_stal Physics I Physical Properties, Aguilar S. A. de
Edicionis, Madrid, (1958).

Deals with all properties including optical.
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Nye, J. F.o Physical Properties of Crystals, Clarenton Press, Oxford,
(19575.

Explains properties of crystal in terms of their structure, two

chapters are devoted to crystal optics°

Wooster, W. A., A Texbook on Cr_stal Physic_ Ca_bridge Univo Press,
Cambridge, (1938) •

Encyclopedia of Physics, Vol. I Cr_stal Physics Springer_Verlag, Berlin,
(1955).

7.8 Cr_stal Dislocations

Cottrell, A. H., Dislocations and Plastic Flow in Crystals, Clarendon
Press, Oxford, (1953).

(1955).
, Defects in Cr_stalline Solids_ Physical Society, London

Fisher, J. C., Johnston, W. G., Thomson, R., and Vreeland, T., (EdSo),

Dislocations and Mechanical Properties of Crystals, John Wiley and
Sons, New York, (1957).

Gilman, J. J., Mechanical Behavior of Ionic Crystals, Progress in Ceramic
Science, Volo l, J. E. Burke (Ed.), Pergamon Press, New York, (1960).

Read, W. T. Jr., Dislocation in Crystals,-McGraw_Hill, New York, (1953).

Shockley, W., Hollomon, J. H., Maurer, R., and Seltz, F., (EdSo),

Imperfections in Nearl_ Perfect Cr_sta_, John Wiley and Sons, New
York, (1952) •

Van Bueren, H. G., Imperfections in Crystals, North _ Hclland Publishing
Co., Amsterdam, Q_960)o

Bristol Conference Report, Defects in Crystalline Solids, Physical Society,
London, (1955).

7.9 t_

Conrady, A. E., Applied Optics and Optical Design, Dover Publications_
Inc., New York, (1957).

Jenkins, F. A., and White, H. E., Fundamentals of Optics, (3rd Ed. )

McGraw-Hill Book Co., Inc., New York, (1957).

Robertson, J. K., Introduction to Physical O_tics, (3rd Edo) Do Van
Nostrand Co., Inc., Princeton, (1941).
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Born, M., and Wolf, E., Principles of Optics, Pergamon Press,(1959).

7.I0 Optical Crystallography

Th o :

Bloss, Donal F., An Introduction to the Methods of Optical Crystallography,
Holt, Rinehart and Winston, New York, (1961).

Theory of crystal optics is well explained and index of refraction

tables are given.

Hartshorne, N. H., and Stuart, A., Crystals and the Polarizing Microscope

(3rd Ed.) Edward Arnold Ltd., London, (1960).

The best coverage of the microscope and its uses and a good section

on crystal optics.

Shubnikov, A. V., Principles of Optical Crystallography, Translated from

Russian, Consultants Bureau, New York, (1960).

Crystal optics are well explained.

Wahlstrom, Ernest E., Optical Crystallography (3rd Ed. ), John Wiley and

Sons, New York, (1960).

Crystal optics are simply explained.

(_tical Crystallographic Data:

Fry, W. H., Tables for the Microscopic Identification of Inorganic Salts,

Bull. Dept. Ar$o No. ll08, (1922).

Groth, P., Chemische Kristallo_raphie, Vols. I-V Engelmann, Leipzig, (1906-
1919) •

7000-8000 substances are covered.

Landalt, H. R., and Bornstein, R., P_sikalisch-Chemische Tabellen.

Lange, N. A., (Ed.) Handbook of Chemistry.

Iarsen, E. S., and Berman, H., Microscopic Determination of the Non-opaque

Minerals (2nd Ed.), Bull. 8_81 U. S. Geol. Survey, (1934).

Optical information and color given.

Porter, M. W. and Spiller, R. C., _he Barker _dex Qf Crvstale, W. Heffer

and Sons Ltd., Cambridge, Vol. I, in 2 parts, (1951), ¥oi. II, in 3

parts, (1956).

By crystal system.
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Winchell_ A. N., The Microscopic Characters of ArtificialSolid Substances
or A_tificialMinerals, John Wiley and Sons_ New York, (1931).

, Elements of Optical Mineralo_, Part III, Determinative
Tables, (2rid Edo) John Wiley and Sons, New York, (1951).

....., Optical Properties of Organic Compounds, (2nd Ed.)
Academic Press, New York, (1954).

International Critical Tables, VOlo I pp. 165, 279, 320 and Vol. VII pp.

12, 16.

7.11 Spectroscopy

Banman, Robert P., Absorption Spectroscopy, John Wiley and Sons, New York,

(1962).

Brugel, Werner, An Introduction to Infrared Spectroscopy, John Wiley and

Sons, New York, (1962).

Good summary of entire field.

Kruse, Paul W., McGlanchlin, Laurence D., and McQuistan, Richmond Bo,

Elements of Infrared Technology, John Wiley and Sons, New York,
 1962).

Covers generation, transmission, and detection of infrared.

Nakamato, Kazuo, Infrared Spectra of Inorganic and Coordination Compounds,
John Wiley and Sons, New York, _1963). '

Thompson, Ho W., (Ed.), Advances in Spectroscopy, Vol. I (1959), and Vol.

II (1962), John Wiley and Sons, New York.

7.12 Spectra (Reviews and .Bib]ipgra_hies)

Akhmanova, M. V., Infrared absorption spectra of minerals, _Kjim.
28, 312®35, (1959)_

A review with 122 references, reproductions of numerous spectra also
tabulated.

Ballard, Stanley S., McCarthy, Kathz_n Ao, and Wolfe, William L._ Optical

materials for infrared instrumentation, I.R.I.A. State of the Art

_, (Jan., 1959).

Fifty materials are discussed in detail, in terms of the optical_

chemical, thermal and mechanical properties.
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Barnes, R. B., Gore, R. L., Liddel, U., and Williams, V. Z., Infrared

Spectroscopy, Industrial Applications and Bibllograph_, Reinhold
Publishing Corp., New York, (1944).

Bauleke, M. P., Spectral and total emissivity, a guide to the literature

(1910-1951), U.S. Department Comm. I Office Tech. Serv._ A. E. C.

Publ. I. S. C. 364, (1953).

A annotated bibliography.

Brown, Clement R., Ayton, Mauree W. Goodwin, Thomas C., and Derby, Thomas

J., Infrared: A Bibliography, The Library of Congress Technical Info.

Div._ Washington, D. C., (1954).

All published literature on the subject from 1935 through 1951 (5,433

ref.).

Crowley, D. E._ Emittance and reflectance in the infrared.
bibliography, (ASTIA I AD 215008), (1959).

An annotated

Over 910 articles are annotated.

Duyckaerts, G., The infrared analysis of solid substances: a review,

Analyst 84, 201-214, (1959).

Discussion of the physical and chemical factors affecting infrared

spectra, using calcite as an example.

Gillis, R. G., The intensity of infrared absorption bonds-- a bibliography,

Australian Commonwealth I Dept. Supply Defense Standards Labs. Tech.

Memo 2, 48 pp., (1958).

Hershenson, Herbert M., Ultraviolet and Visible Absorption Spectra: Index

from 1930-1954, Academic Press Inc., New York, 1956.

Index to about 32,000 references in 27 American and European journals

and one book. A coding system separates the various parts of spectra

recosded (Explained in Introduction).

Hershenson, Herbert Mo, Infrared Absorption S_ectra: Index from 1945-1957,

Academic Press, New Yor_(1959).

Index to about 16,000 references published in 33American and European

Journals and one book.

Hershenson, Herbert M., Ultraviolet and Visible Absorption S_ectra: Index

from 1955-1959, Academic'Press, New York, (1961).

Index to 16,000 references in B4 internationally known Journals and

one collection of spectra in book form. Parts of spectra separated by

use of asterisk.
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Herzberg, G., Molecular S_ectra and Molecular Structure, D. Van Nostrand_
New York, (1950).

Joos, Georgo, Visible andultravlolet spectra of solid bodies, Ergeb.
exakt. Naturiv. 18, 78-98, (1939).

A review of line spectra both absorption and fluorescent of crystal@
45 references.

Lawson, Katheryn E., Infrared Absorption of Inorganic Substances, Reinhold
Publishing Corp., New York. (1961).

Includes a bibliography of infrared data for the period 1952-1960.

Low, W., Paramagnetic resonance and optical spectra of single crystal

oxides containing paramagnetic impurities, Solid State Phys. Pt. l,
54o 51(1958)(Pub.,19 ).

Low, W., Optical properties of paramagnetic solids, Quantum Electronlcs,

Symposium, High View, New York, 1959, 410-27, (Pub° 1960).

A review of spectra of transition elements in single crystals (362
references).

Lyon, R. J. P., Minerals in the Infrared-®A Critical Biblio_raphF, Stanford

Research Institute, Menlo Park, Calif., (1962)o

Includes 440 references with an index by mineral name.

McClure, Donald S., Electronic spectra of molecules and ions in crystals,

II Spectra of ions in crystals, pp. 399-525 in Solid State Physics 9,
F. Seity and D. Turnbull (Eds.), Academic Press, New York (1959).

A general discuaslonincludes rare earths and other transition elements

with 204 references. Part I dealing with Spectra of Molecular Crystals
is in Vol. 8.

Meggers, William F., Corliss, Charles H., and Scribner, Bourdon F., Tables

of spectral-line intensities. I. Arranged by elements, Natl. Bur°

Std____.(UoS.), Monograph No. 32, 3-473, (1961).

Mellon, M. Go, Light absorption spectrometry, Indo Engo Chem.; Anal. Ed.,
17 (2)81o88 (194 ).

In the _avelength 4000-750 mu (91 references)°

Miller, F , and Wilkins, C. H., Infrared spectra and characteristic fre_aencies

of inorganic ions, Anal. Chem., 24, 1253_94_ (1952).

Infrared spectra of 159 pure inorganic compounds are presented in both
graphic and tabular form (625_ 5 000 cm_1).
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Miller, F. A.; Carlson, G. L., Bentley, F. F., and Jones, W. H., Infrared

spectra of inorganic ions in the cesium bromide region (700-300 cm-1),

Spectrochimo Acta., 16, 135-235 (1960).

Spectra for 208 inorganic substances are given, spectral curves are

presented for 140 of these{ also presented are characteristic frequencies
for 20 ions.

Stierwalt, Donald L., Infrared spectral emissivity of optical materials,

Ph.D. dissertation at Syracuse Univ., Univ. Microfilms_ Order No.

62-1146, 55 PP.; Dissertation Abstr. 22, 4389, (1962).

Wherry, Edgar T., Mineral determination by absorption spectra, Am. Mineral.

l_, 299-308, 323-3e8, (1929).

The major absorption bands, visible region, for about iO0 minerals,

including most rare earth minerals, are given.

Wolf, William L., A selected bibliography on infrared techniques and

application, Proceedings of the IRE, 47, 1647-49, (1959).

Contains i01 references.

Wolfe, W. L., and Ballard, S. S., Optical materials, films, and filters

for infrared instrumentation, Proceedings of the IRE, 47, 1540-46,

(1959)

Transmission regions are shown for 46 optical materials, refractive

index, and some important nonoptical properties are also given.

Annual review of analytical chemistry: light absorption spectrometry;

infrared spectroscopy, Anal. Chem.

An annual review, (1949) was the first, they appear in the first

number of the year and cover the previous year.

Infrared Part II. Infrared Spectroscopy, OoT.S., Selective Bibliography,

Office of Tech. Services, Washington, May, 1961, ll pp.

A bibliography of 185 references added to the O.T.So collection

during the period 1950 to June, 1961, are listed.

An Index of Published Infra-Red Spectra, Her Majesty's Stationery Office,
London, (1961) o

In two volumes, gives references to about 10,O00 infrared spectra

published up to 1957. Gives state of sample, instrument, and range
examined.
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7.13 Dielectric Properties

Birks, J. B., and Schulman, J. H., (Eds.), Pro6ress in Dielectrics, Vol. I

(1959) and II (1960). Birks, J. B., and Hart, Jo, Vol. III (1961),
John Wiley and Sons Inc., New York, (1961).

Bottcher, C. J. F., Theory of Electric Polarization, Elsevier, Amsterdam,
(1952).

Crowe, R. W., and Hoffman, J. D., (Eds.), Digest of Literature on Dielectrics,

Vol. XIX (1955), Hoffman, J. D., and Hart, John, (Eds.), Vol. XX (1956);

Nat! R_ear_ _._n_ I, N_+I R_s_a_ _,_ I N_+I Acad. ._ (U. (-_

In part tables of dielectric constants.

Debye and Stack, Constantes dlelectri_ues_ moments electri_ues. Tables
annuelles de constantes, Hermann and Cie, Paris.

It

Frohlick, H., Theory of Dielectrics: Dielectric Constant and Dielectric

Loss, Clarendon Press, Oxford, (1949)o

Hippel, A. R. von, Dielectrics and Waves, John Wiley and Sons Inc., New
York, (1954) •

, (Ed), Dielectric Materials and Applications, John Wiley

and Sons Inc., New York, (1954).

Smyth, C. P., Dielectric Behavior and Structure, McGraw®Hill, New York;
(195 ).

Directory/Encyclopedia of Dielectrics, Published by the periodical,
• Insulation (May, 1961).

Handbook of Chemistr 7 and Physics.

Tables of Dielectric Materials, Technical Reports of the Laboratory for
Insulation Research (MoI.T.).

In four volumes.

7.14 Fluorescence and Luminescence

Dake, H. C., and DeMent, Jack, Fluorescent _._ht_ Chemical Publishing Coo
Brooklyn,(1941).

Bibliography gives references dealing with specific minerals.

Gleasor_ Sterling, Ultraviolet Guide to Minerals, Van Nostrand Co.,

Princeton, (1961)o

Latest book on fluorescence of mineralso
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Hintze, C., et al , Handluch der Mineralo_ie: De Gruyter, Berlin (1897-

1939, with supplements).

Contains information on fluorescence of minerals.

KrSger, F. A., Some Aspects of the Luminescence of Solids, Elsevier

Publishing Co., New York, (1948).

Has a long set of tables with references at end giving substances

with color of luminescence.

ieverenz, H. W., Introduction to the Luminescence of Solids, John Wiley

and Sons, New York, (1950).

Przibram, Karl, Irradiation Colours and Luminescence, Pergamon Press,

London, (1956).

Prinzsheim, P., Fluorescence and Phosphorescence, Interscience Publishers

Ltd., London, (1949).

Has a bibliography with 1936 items.

Barnes, David F., Infrared Luminescence of Minerals, U.S. Geal. Survey

Bull. No. 105 2-C, 71-157, (1958).

The entire study collection of the U. S. National Museum (200,000

specimens) was examined with an infrared image detector sensitive to

12,000 A., and 1,500 specimens representing 75 mineral species showed
infrared luminescence.

7.15 Glass

Eitel, W., The Physical Chemistr_ of' the Silicates. Uni,_rsity of Chicago

Press, Chicago, (1954).

F_eckette, V. D., (Ed), Non-Crystalline Solids, John Wiley and Sons, New

York, (1960).

Jost, W., Diffusion in Solids t Liqulds I Glasses, Academic Press, New York,
(1952).

Kingery, W. D., Introduction t O Ceramics , John Wiley and Sons, New York,

(196o).

Lebedev, A. A., (Ed.), The Structure of Glass, Vol. I, Report of the 1953

I_ningrad Symposium, Consultants Bureau, New York, (1958).

Mackenzie, J. D., (Ed.) Modern Aspects of the Vitreous State, Vol. I,

Butterworth and Co. Ltd., Washington, D. C. (1960). Q
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Morey, G. W., Properties of Glass (2rid Ed.), Am. Chem. Soc. Monograph No.

77, Reinhold Publishing Corp., New York, (1954).

Pora_-Koshits, E. A., (Ed.) The Structure of Glass Vol. II, Report of 1959

Leningrad Symposium, Consultants Bureau, New York, (1960).

Shad, E. B., Glass En6ineerin_ Handbook, McGraw-Hill, New York, (1958).

Stanworth, J. E., Physical Properties of Glass, Clarendon Press, Oxford,
(195o).

Weyl, W. A , Coloured Glasses, A Monograph of the Soc. of Glass Technology_
Sheffield, England, (1951).

Bib Iiography.

Duncan, G. S., Bibliography of Glass, For the Society of Glass Technology;
Dawsons of Pall Mall (1960).

From the earliest times to 194_, 15,752 references with subject index°

7.16 Chemistry of Transition Groups

Mellor, J. W., A Comprehensive Treatise on Inorganic and Theoretical
Chemistry, Longmans, Green and Co., Ltd. (1922-1937). _

In 16 volumes, now being brought up tod_te by supplements. (Vol. 5
rare earths )

Pascal, Paul, Nouvean Traite' De Chimie Min_rale, Masson Et. Cle, Editeurs,
Paris, (1956-58) •

In XIX volumes. (Vol. VII rare earths)

Sneed, Mo Cannon and Brasted, Robert, Comprehensive Inorganic Chemistr[,
D. Van Nostrand Co., New York, (1953158).

In 8 volumes. (Vol. 4 rare earths)

Codell, Maurice, Anal[tical Chemistr[ of Titanium Metals and Compounds,
Interscience Publishers, New York, (1959).

Hampel, Clifford A., (Ed.), Rare Metals Handbook (2nd Ed. ) Reinhold

Publishing, London, (1961).

Gives mineralogy of many transition metals.

Killefer, D. H. and Linz, Arthur, Molybdenum Com_ounds_ Their Chemistry

and Technology, Interscience Publishers, New York, (1952).
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Schoeller, W. R., The Anal_tlcal Chemistr_ of Tantalum and Niobium,
Chapman and Hall Ltd., London, (1937).

, and Powell, A. R., The Analysis of Minerals and O_es of'

The Rare Elements (3rd Ed.), Hafner Publishing Co., New York, (1955).

Most of the transition elements are included.

Skinner, Gordon, Johnston, Herrick, L., and Beckett, Charles, Titanium

and its Compounds, Herrick L. Johnston Enterprises, Columbus, Ohio,
(1954).

With 553 references.

Thornton, William M. Jr., _.American Chem. Soc. Monograph Series,

No. 33, The Chemical Catalog Co., New York, (1927).

Titanium Minerals listed.

Young, Ronald S., Cobalt: Its Chemistr_t Metallurgy, and Uses, American
Chem. Soc. Monograph Series, No. 149, Reinhold Publishing Corp.,

New York, (1960).

Its substitution for other elements and its minerals as well as compounds

are given.

Udy, Marvin J., Chromium: Vol. I Chemistry of Chromium and its Compounds,

American Chem. Soc. Monograph Series, No. 132, Reinhold Publishing

Corp., New York, (1956).

Chief minerals_ all known compounds with properties are given.

Vickery, R. C., The Chemistry of Yttrium and Scandium, Pergamon Press,
London, (1960).

Important because of the their trlvalent nature and ionic size, which

are close to the rare earths.

Platinum Metals Review, Jan. 1963, is Vol. 7, No. i, Johnson Matthey and

Co. Ltd., Hatton Garden, London.

Platinum, palladium, rhodium, i rldium, osmium, and ruthenium are

covered. Has abstracts ana patents of curren% work on these elements.

7.17 Rare Earths

_eneral

Bruet, Edmond, Mineraux radioactifs et terres rares. Payot, Paris, (1952).
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Ginzburg, A. I._ Rare Earth Elements and their Deposits, Gasudart. Nauchno_

Tekko Izdatel. Lit. po. Geal. i 0khrane Nedr., Moscow, (1959)o

Kleber, Eugene Vo (Ed.), Rare Earth Research, The Macmillan Co., New York,

(1961).

Levy, S. I., The Rare Earths (2nd Edo) Longmans, Green and Co., New York,

(1924)

Many compounds are considered.

Rolla, Luigi and Fernardes, Lorenzo, Le Terre Rare, Nicola Zanichelli,
Bologona, (1929).

Ryabchikov, D. I. (Edo) Rare Earth Elements, Translated from Russian_

Available from the Office of Techo Services, Washington. (Translated
196o)

Speddlng, F. H. and Daane, A. H_ (Edso), The Rare Earths_ John Wiley and

Sons, New York, (1961).

Chief interest are metals of rare earths, but does have a chapter on

chemistry, one _on analytical spectroscopy, and one on analytical chemistry°

All three of these chapters have long lists of references.

Spencer, James F., The Metals of the Rare Earths, Longmans, Green and Co.
New York, (1919).

Has 1029 references to earlier works and a good discussion of

compounds°

Vickery, R. C., Analytical Chemistry of the Rare Earths Pergamon Press,
New York, 1961o

, Chemistry of the Lathanon§, Academic Press, New York_
(1953)o--

The most recent book dealing with only the chemistry of rare earths°

Yost, Don M., Russell, Horace Jr., and Garner, Clifford So, The Rare Earth

Elements and Their Compounds, John Wiley and Sons_ New York, (1947)V _

Gives a good background.

Special

Boles, Sara Jane, Rare Earth Compouz_s as High Temperature Refractories

a Bibliography, U.So Bur° Mine_ Info. Circo Noo 8082_ 77 ppo, (1962)o

Over 200 abstracts°
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Gatter, A._ Junkes_ Jo; and Frodl, V-_ S_ektrem der Seltenen Erden, Speco!a

Vaticana, Vatican City, (1945).

Contains 347 pages of spectral information.

Gibson, Jo A., Miller, J. F., Kennedy, P. S., and Rengstorff, G. W. Po,

The Properties of Rare Earth Metals and Compo_Ands,compiled for Rare
Earth Research Group by Battelle Memorial Institute, (1959).

Chiefly physical and thermal properties, crystal system and cell

dimensions° Authority is given for properties, based on ll4 references.

Hiller, Ao, Physical and Chemical Properties of Scandium and the Rare

Earths° Dissertation Iowa State U. (1959) Univ. Microfilms L.C.

Card Noo Mic. 59_5054, Dissertation Abst_____r.20, 2039 (1959).

Jones, P. Jo, Oxides of Europium, Gadolinum_ Praseodymium and Samarium

United Kingdom Atomic Energy A_hority, Harwell, (Dec° 1960).

A bibliography of 190 references (for period 1958 through April 19_0).

Love, Bernard, The Technology of Scandium_ Yttrium s_d the Rare Earth
Metals: A Literature Survey° Contract AF 33(616-6829) (Oct° 1960).

The physical, chemical and mechanical properties of the elements and

their important compounds are also presented (939 references).

Norris, A., Wavelength Table of Rare®Earth Elements and Associated Elements

Including Zirconi_an, Thorium, _fnium, Rhenium and Tellurium. U.S.

Ato Energy Commo ORNL-2774, (1960)o

Emission spectra°

Rare Earth Elements (1940_1960) Office of Technical Services Selective

Bibliograph_ Office Technical Services (Mar° 1960)o

About 450 reports are listed°

7.18 Actinides

Katz, Jo J., and Rabinoivitch, Eo, (Eds_)_ The Chem_str_ of Uranium

National Nuclear Energy Series, Divo VIII, Volo 5, McGraw Hill,

New York, (1951).

and Seaborg, G. T., The Chemistry of the Actinide Elements,

Meuthuen, London, (1957).

Makarov, E. S., Cr_stal Chemistr_ of' Simple Compounds of Uranium t Thorium,

Plutonium_ Nepttunium, Translated from Russian by E. Bo Uvarov.

Consultants Bureau, Inco, New York, (1959).

Based on literature data published before June 1957.
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Seaborg, GoT., The Transuranium Elements, Yale University Press, New

Haven, (1958)o

, and Kate, J. J. (Eds.), The Actinide Elements, National

Nuclear Energy Series, Div. IV, Vol. 14A, McGraw-Hill, New York,

Zachariasen, W. H., Crystal Chemical Studies of the 5f Series Of Elements,

Acta Crystallographic, Vol. 1- 12, (1948.59)

A series with 25 parts. This series and Makarov book contain most

of the known crystal chemistry of this group.

7.19 Lasers

Chang, William S. C., Principles of Quantum Electronics, Lecture notes at

the Ohio State University, to be published by Addison Wesley Publish=

ing Co., (1964).

Lengyel, Bela A., Lasers, John Wiley and Sons, New York, (1962).

Yariv, A., and Gordon, J. P., The Laser, Proceedings of the IEEE 51, No.

4-29, (1963).

A good review article with ll6 references.

For other articles see Part B of the bibliography.
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VIII. ANNOTATEDBIBLIOGRAPHY

PARTB

8. I. Lasers

Included here are most of the articles on lasers that had appeared

before January l, 1963, plus a few that appeared in early 1963. They were

obtained chiefly from Chemical Abstracts with some additons made by following
the current literature.

Abella, I. D., and Cummins, Ho Z., Thermal tuning of ruby optical masers,

Appl. Phys. 32, 1177-8 (1961).

Archbold, E., and Gebbie, H. A., The use of a Michelson interferometer I_o

determine luminescence spectra of optical maser materials, Proc. Physo

Soc. (London)80, 793-4 (1962)..

Barker, W. A. and Keating, J. D., Optical and cross relaxation maser level

populations by partial distribution, Appl. Opt° i, 335-8 (1962).

Population distribution of a 3--level optical maser is calculated.

Borie, Jean Claude, Durand, Michel, and Orszag, Alain, Ultrarapid photography

of the emitting surface of a ruby crystal laser, Co___t. Rend. 253,
2215-17 (1961).

Showed that luminous impulses of O. I w/sec duration recur at

intervals of 0.5 _/sec.

Bostik, H. A., and O'Connor, J. R., Infrared oscillations from CaFm :U+s

and BaF_:_/+3 masers, Proc. IRE (Correspondence) 50, 219-220 (1962).

Boyd, G. D., Collins, Ro Jo, Porto, So Po So, Yariv, Ao, and Hargreaves, Wo Ao,

Excitation relaxation and continuous maser action in the 2o613

transition of CaF2:U +++, Phys. Rev. Letters 8, 269-72 (1962)

Brock, E. G., Csavinszky, Po, Hormats, Eo, Nedderman, H. Co, Stirpe, Do,

and Unterleitner s F., Coherent stimulated emission from organic

molecular crystals, Jo Che____m.Phys. 35, 759-60 (1961).

Use of organic crystals for optical masers is discussed.

Budenhagen, Do A., et. alo, An experimental laser ranging system, 1961

IRE International ConveDtion Record, Pt5, 185-193o

Carlson, Eo H., and Dieke, G. Ho, _e state of the Nds+ ion as derived

from the absorption and fluorescence spectra of NdCI s and Zeeman

effects, J. Chemo Phys., 34, 1602-09 (1961).
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Cezaire_ Jean: Lasers open new perspectives in oDtics, telecommunications,

and chemistry, Nature No. 332!_ 1-9 (1962).

Collins, R. Jo, Nelson, P. F., Schawlow, A. L., Bond, W., Garrett, Co G_ B_,

and Kaiser, W., Coherence, narrowing, directionality, and relaxation

oscillations in the light emission from ruby, Physo Rew Letter., 5,
503-305 (1960).

Corliss, C. H., and Bozman, W. R., Experimental transition probabilities

for spectral lines of seventy elements, NBS Monograph No. 53 (196i)

Courtney-Pratt, J. So, Some uses of optical masers in photography, J o S_v_°TE,

70, 509-511 (1961).

Devlin, G. Eo, McKenna, J., May, A. D., and Schawlow, A. L., Applo Optics,
i [i], 11-15 (1962)o

Use of a ruby rod covered with a sapphire sheath is discussed.

Dieke, G. H., and Hall, L, A., Fluorescent lifetimes of rare earth salts

and ruby, J. Chem. Phys., 27, 464-67 (1957).

Einstein, A., Zur quanten theorie der strahlung, Phys. Zeit., 18, LTI-_8
(1917).

Etzel, H. W., Gandy, H. W., and Gin sher, R. J., Stimulated emission of

infrared radiation from ytterbium activated silicate glass, Naval

Research Lab., WashingtOn, D. C., NRL Progress Reptso, 27-28,

February, 1962.

Fain, V° M., and Khanin, Ya. I., Self-excitation conditions of a laser,

Zhur. Eksptlo io Teoret. Fiz. 41, 1498-502 (1961).

Equations are derived_

Galkin, Lo N., and Feofilov, P. Po, The luminescence of trivalent urani_n,

Dakl. Akad. Nauk. SSSR 114, 745-747 (1957)0

Gandy, Ho W°, and Ginther, R. J., Stimulated emission from holmium activated

silicate glass, Proco IRE (Correspondence) 50, 2113-14 (1962).

Gandy, H. W., and Ginther, R. J., Stimulated emission of ultraviolet

radiation from godolinium activated glass, A_2__!. Phys_ iett., i,
25-27 (1962).

Garrett, Co Go B., Kaiser, W., and Bond, W. Lo, Stimulated emission into

optical whispering modes of spheres, P__so Revo 124, 1807-9 (1961)o

CaF2:Sm ++
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Gerritsen, Hendrik J., Recent developments in maser devices and materials,

Appl. Optics., I [i] 37-44 (1962).

Present (1962) solid state maser materials are discussed.

Geschwind, S., Kisliuk, P., Klein, M. P., Remeika, J. P., and Wood, D. Lo,
Sharp-line fluorescence, electron paramagnetic resonance, and the_Qo-

luminescence of Mn++ in _-AI_C_, Phys. Revo 126, 168&-6 (1962).

Possible use as laser is discussed.

Giodmaine, J. A., Mixing of light beams in crystals, P__ys. Rev. Lett° 8,

19-20 (1962).

Gires, Francois, and Mayer, Guy, Measurement of the absorption spectrum

of ruby excited for the study of its operation in an optical maser,

Compt. Rend. 254 , 659-61 (1962).

Hall, R. N., Fenner, G. E., Kingsley, J. D., Soltys, T. J., and Carlson, R. 0.,

Coherent light emission from G_As Junctions, Phys. Rev. Letto 9, 3(36

(1962 ).

Hellworth, R. W., Control of fluorescent pulsations, in "Advances in

quantum electronics", J. R. Singer, Ed., Columbia University Press,

New York, N. Y., pp. 334-342, (1961).

Hellworth, R. W., and McClung, F. J., Giant optical pulsations from ruby,

Bull. Am. Phys. Soc. 6, 414 (1961).

Herrlott, Donald R., Optical properties of a continuous helium-neon

optical maser, J. Opt. Soc. Am. 52 , 31-7 (1962).

Holland, M. G., Thermal conductivity of several optical maser materials,

i" Appl. Phys. 33, 2910-ii (1962).

Ruby.

Holonyak, N., and Bevacqua, So F., Coherent (visible) light emission from

GaAsl-x Px junctions, Applied Phys. Lett. l, 82 (1962).

Hurwitz, M., Lasers -- will their potential be realized, Solid State

Design, 3, 68-71 (1962).

Javan, A., Bennett, W. B., Jr., and Herriott, D. R., Population inversion

and continuous optical maser oscillation in a gas discharge containing

a He-Ne mixture, P__s. Rev. Lett., 6, 106-110 (1961).
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Johnson, Leo F., Optical masercha_cteristlcs of Nds+ in CaF_,J_ Appl
Physo 33 [2], 756 (1962)o

Johnson, L. Fo, Optical maser characteristics of Nd 3+ in SrMo%, __J__L_

Phys. 33 [2], 757 (1962)o

Johnson, L. F°, Continuous operation of the CaF2 :Dy2÷ optical maser,

Proc. IRE (Correspondence) 50, 1691-92 (1962)o

Johnson, L. F., Boyd, G. D., and Nassau, Ko, Optical maser characterist:_cs

of Tms+ in CAW%, Proc. IRE (Correspondence) 50, 86-87 (1962)o

of Hos+ in CaWO_, Proc. IRE (Correspondence) 50, 87-88 (1962)o

Johnson, L° Fo, Boyd, G. Do, Nassau, Ko, and Soden, Ro Ro, Continuous

operation of a solid state optical maser, Physo ReVo 126, 1406_09 (1962)_

Johnson, L. F., Boyd, G. D., Nassau, Ko, and Soden, R. Ro, Continuous

operation of the CaWO4:Nd 3+ optical maser, Proc. IRE (Correspondence)

50, 213 (1962).

Johnson, Lo Fo, and King, D., Piezoelectric optical maser modulator_

_ Appl0 Phys_ 33 [12], 3440-415 (1962).

Johnson, L. F°, and Nassau, K., Infrared fluorescence and stimulated

emission of Nds+ in CAW04, Proc. IRE (Correspondence) 49, 1704_06
(1961).

Johnson, Lo F., and Soden, R. R., Optical maser characteristics of Nd s+

in SrM%, _. Appl. Phys. (Correspondence.) 33, 757 (1962).

Kaiser, W°, and Garrett, C. Go Bo, Two-photon excitation in CaF2:Eu+¢_

Phys. Revo I_tto 7, 229-31 (1961).

Blue fluorescent light (k = 42'50 A) excited by the red light from

a ruby maser is studied as an example.

Kaiser, W., Garrett, C. G. B._i+and Wood, D. L., Fluorescence and optical
maser effects in CaF 2 :Sm , Ph__j.F_ss_Re___Vo123, 766-76 (1961)_

Absorption, emission, and activation spectra are given and a

revised energy level scheme is proposed.

Kaiser, Wo, and Keck, Mo J°, Scattering losses in optical maser crystals,

i° A_ Ao 762-764 (1%2)

o D +Kiss, Z. J., and Duncan, R. C _ Optical maser action in CaF2: y_ , post

deadline paper, Sr_ Meeting of th__eAmerican Physical Socie__,
Washington, D. C., April, 1962_

99



Kiss, Z. Jo, and Duncan, R. C°, Jr. Optical maser action in CaF_ :Tin2+,

Pron. IRE (Correspondence), 50, 1532-33 (1962)o

Kiss, Z° J. and Duncan, Ro C_, Jr. Optical maser action in CaWO 4 :E_ +,

Proc° IRE (Correspondence) 50, 1531 (1962).

Kiss, Z. Jo and Duncan, R. Co, Jr. Pulsed and continuous optical maser
+

action in CaF2_'D_ , Proco IRE (Correspondence) 50, 1531-32 (1962).

Kleinman, David A. Laser and two-photon processes° Physo Revo 125, 87-_8

(1962 )o

Theoretical with supporting evidence from Eu ++ in CaF2°

Krinchik, Go S° and Chetkin, Mo V° Exchange interaction and magneto-

optical effect in ferrite garnets, Zhuro Eksptl. i Teoreto Fiz@ 41,
673-80 (1961)o

Faraday effect and its possible use in laser's is presented.

Kubota, Kanji and Hazashi, Kazuoo Optical maser oscillation in ruby,

J. Phys. Soc. Japan 16, 2063 (1961)o

A1a0 s with 0°05_ Cr2Os.

Luck, Do Oo Co Some factors affecting applicability of optical band

radio (coherent light) to communication, RCA Rev., 2, 359-409

(1961)o

Maiman, To H. Optical and microwaw_ optical experiments in ruby, Physo
Rev. Letter 4, 564-566 (1960).

Maiman, To Ho Optical maser action in ruby, Brito Communo and Electronics

7, 674-5 (1960)o

First successful laser°

Maiman, To Ho Stimulated optical radiation in ruby masers, Nature 187,

493_94 (1960).

McClung, Fo J., Schwarz, So E. and Meyers, Fo Jo R2 line optical maser

action in ruby, _o Applo Ph_o 33, 3139-40 (1962)o

McMurty, Bo Jo and Siegman, Ao Eo Photo mixing experiments with a ruby

optical maser and a traveling waved tube, Applo O_2tics i, 51-53
(1962)°
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Miller, Robert C. and Savage, Albert. Harmonic generation and mixing of

a CaWO4:Nd +++ and ruby pulsed laser beams in piezoelectric crystals,

Phys° Rev° 128, 2175-9 (1962)o

Morantz, Do J., White, B. G. and Wright, A. J° C° Stimulated light

emission by optical pumping and by energy transfer in organic

molecules, P__ys. Rev. Letters 8, 23-5 (1962)°

Nathan, M. I°, Dumke, W. P°, Burns, G., Dill_ F. H° and Lasher, Go

Stimulated emission of radiation from GaAs pn Junction, Applied
Physics Letters l, 62 (1962)°

Nelson, D. F. and Collins, Ro Jo Sl_tial coherence in the output of an

optical maser, _. Appl° Phys. 32, 739-40 (1961)°

Olt, Robert D@, Crystals for microwave and optical masers, Electronics
34, 88 (1961).

Use of ruby is reviewed.

Olt, Robert D°, Synthetic maser ruby, Appl. Opt. i, NOo l, 25-32 (1962)o

A review with 25 references, gives physical properties pertinent
to maser's and laser's°

Patel, C° K° No, Bennett, W° R., Jro, Faust, W. L°, and McFarlaD_, Ro Ao

Infrared spectroscopy using stimulated emission techniques, Physo

Rev° Letters 9, 102-4 (1962).

Polanyi, J° C°, Proposal for an infrared maeer dependent on vibrational

excitation, J. Chemo Phys° 34# 347-8 (1961)°

Porter, C. S., Spencer, E. G. and LeCraw, R. C°, Transparent ferromagnetic

light modulator using yttrium iron garnet, _° Appl° Phys° 29, 495-6
(1958)°

0° 5 to 16# transmission spectn_n°

Porto, S. P_ S. and Wood, D° L., Ruby optical maser as a Haman source,

J° O_t° Soc. Am. 52, 251-2 (1962)o

Results shown for CCI 4 and CeHs°

Porto, S. P° S. and Yariv, A., Excii_tion, relaxation and optical maser

action at 2°407_ in SrFz:U _ , Iroco IRE (Correspondence) 50, 1543-h4
(1962).

I01



Porto, S. P. S. and Yariv, A., Optical maseraction in BaF_:Os+
IRE (Correspondence)50, 1542-43 (1962).

, Proco

Schawlow,A. L. and Devlin, GoE., Simultaneous optical maseraction in
two ruby satellite, Physo ReVo Letters 6, 96-8 (1961)o

Schawlow, Ao Lo and Townes, Co Ho, Infrared and optical masers, Phy____SoR__ev.

112, 1940-1949 (1958)o

Schawlow, Ao L., Wood, D. L. and Clogston, Ao M°, Electronic spectra of

exchange-coupled ion pairs in crystals, Physo Rev° Letters 3, 271-i"3

(1959)o

Scheibner, _Edwin J., Solid-state physical phenomena and effects, I.

IRE, Trans. Component Parts CP-8, 133-51 (1961)o

A review with 70 references°

Shore, Bruce, Lasers -- new power from light, RCA Electron Age 21, 8-11

(1962)o

Synopsis on use of CaF 2 doped with Dy ++

Singer, J. Ro, Masers and other quantum mechanical amplifiers, Advances

in Electronic and Electron Physics [L. Marton and Claire Marton

_d. )] Academic Press (1961).

Singer, Jo R. and Wang, S., General analysis of optical, infrared and

microwave maser oscillator emission, Phys. Revo Letters 6, 351-4

(1961).

Math.

Snitzer, Eo, Optical maser action of Nd +++ in a barium crown glass, Philo

Revo Letters 7, 444-6 (1961).

Composition of glass is given°

Sorokin, Po Po and Stevenson, Mo Jo, Stimulated infrared emission from

trivalent uranium, P_so Rev. ]_tters 5, 557-9 (1961)o

In CaFso
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Statz, Ho_Paananen,R. and Koster, O. _., Zeemaneffect in gaseous
helium-neon optical maser, 2o A__o Phy____s33, 2319-21 (1962).

Sugano,S. and Tonabe, Y., Absorption spectra of C_ + in Al_0s, Jo Phys
So__Co_ 13, 880-910 (1958).

Thomas,DoG0and Hopfield, J0 J., Fluorescence in CdSand its possible
use for an optical maser, 2o Appl_ Phy__!s,33, 3243-9 (1962)

Improved crystals must be grown, for laser use_

Wieder, Irwin and Sarles, L_nn R., Stimulated optical emission from

exchange-coupled ions of Cr+++ in Ale0s, Phys: Rev. Letters 6,

95-6 (1961).

o O

Emission at 7010 A and 7040 A in red ruby arises from exchange-

coupling.

Yariv, A°, Continuous operation of CaF2:D_ + optical maser_ Proc. IRE

(Correspondence) 50, 1699-1700 (1962)o

Yariv, Ao, Porto, S. P. S. and Nassau, K., Optical maser emission from

trivalent praseodymium in calcium tungstate, Jo App,. Phys, 33,
2519-21 (1962 )_

8°2° Minerals

This is a rather complete list of references dealing with

Absorption Spectra and Fluorescence of mineral (with the exception of

mica and clay minerals)° It is based chiefly on Chemical Abstracts,

with additions from Ceramic Abstracts and Mineralogical Abstracts°
Coverage is up to early 1963o In articles where ooth fiuerescence and

absorption spectra are discussed, the articles were placed in the spectra

section° For most articles where the materials studied and the spectral

range observed are not given in the title the entry is annotated.

8o2ao Mineral Spectra

Anderson, Bo Wo, Gemstones and the spectroscope, Gems and Gemology 4_

164-167 (1944)o

Absorption studies in gemstones_
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Anderson,BoWo, Absorption specb_'adue to chromium,Gemsand GemologJ
$, 180-81and 5, 203-4 (1944-45)o

Anderson,BoW., Gemstonesand the spectroscope, The absorption spectra
of emeraldand alexandrite, Gemsand Gemology6, 263-66 (1950)o

Comparedwith spectra of ruby and jadeite°

Anderson,BoWo, The spectroscope a_ its applications to gemmology,
Gemmologist 22, 153-58 (1953)o

Absorption spectra for many fi,_s of gemstones is given°

Bailey, Rene, Use of infrared in the study of minerals, Bullo Acado Roy_

Belglque, CL Sci_ sero 5, volo 24, 791_822 (1938)o

Bappu, Mo Ko Wo, Spectroscopic study of amethyst quartz in the visible

region, _ndia____n_o Phy____so26, 1 (1952); 27, 385_92 (1953)o

Bates, J. Lambert and Gibbs, Peter, Some optical properties of corundums.

P@ Bo Re_to 136-153, 16 ppo

The spectra of corundum, ruby, blue and golden sapphire are reported

from 0o210_ to 15_o

Bayley, Po Lo, The effect of x-rays on the infrared absorption of kunzite

and hiddenite, P__s. Revo 31, i132 (1929).

Becquerel, Jean, Researches on the absorption spectra in crystals,

Ann° Chemo Phys. l_, 170-257 (1888)o

Visible range of minerals scheelite, parisite, apatite, xenotime,

zirconj monazite and others°

Becquerel, Jean, Ownes, H. Kamerlengh and DeHaas, Wo Jo, The absorption

spectra of some crystals of the rare earths and their modifications

in a magnetic field at the temperature of liquid helium, Co__to rend°

181, 758-60 (1925)o

Four unlaxial crystals: xenotime, txsonite , bastnaesite and
parisite, at temperature down to 4°2_Ko

Blochinzew, Do, The theory of coloured crystals, Phys. Z o SowJeto i0,
&31 (1936)o



Boki_, G. B. and Plyusnina, I. I., Infrared absorption spectra of cyclic
silicates in the 7-21_ wave-length range (Determination of the
structures of silicates from their infrared spectra), Nauch. Doklady
V_sshe'_Shkoly, Geol.-Geograf. Nauki, No. 3, ll6 (1958_.

Bentonite, catapleiite, eudyalite, elpidite, cordierite, vorobyevite,

beryl, aquamarine, and tourmaline.

Boyle, W. S. and Nozi_res, P., Band structure and infrared absorption of

graphite, Phys. Rev. lll, 782 (1958).

Blinc, R., Maricic, S. and Pintar, 14., A proton magnetic resonance and

infrared study of colemanite and Inyoite_ Croat. Chem. Acta. 32,

67-73 (1960).

Borovik, S. A., Spectroscopic deteoqnination of rare earth elements in

some minerals found in U.S.S.R., Compt. rend. Acad. Sci. U.S.S.R.
IN S.] 14, 351 (1937) (In English ._

Buhsj A., Colouration and electrical conductivity of the variety of

zircon, hyacinth, Neue_____sJ_b.bMiner.Geol. Palaont. A. 8_, 66 (1953).

Charette, J. J., Infrared absorption spectra of diamonds, Physica 27,

1061-73 (1961).

Charette_ J. j., Infrared spectra of diamonds, J. Chem. Phys. 32 [5],

192 0 (1961 ).

ChatterJee, _._ Structure studies on natural and artificial yttrofluorite

by the use of fluorescent and absorption spectra, Z. Krist. 102,

245-284 (19_0)_

Claffy, Ester W. and Ginther, Robert J., Red-luminescing quartz, Am.

Mineralogist 44 [9-10], 987-94 (1959).

Quartz synthesized from amorphous silicic acid containing minor
amounts of A_ + and Mn2+.

The emission spectrum shows a band extending from 5400 to > 700 au

with maximum ac 6500 au.

Clark, C. Do, Ditchburn, R. W. and Dyer, H. B_, Absorption spectra of

natural and irradiation diamonds, Proc. Roy. Soc. (London) A 234

i1198], 368-81 (1956).

Clark, Sydney P., jr., Absorption spectra of some silicates in the visible

and near infrared, Amer. Min. 42, 732-742 (1957).

Olivine, diopside and _nree varieties of garnet over range 0.3 to
4 microns.
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Crowningshield, G. R°, An introduct_qon to spectroscopy in gem-testing,
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Doklady Akad. Nauk S.S.S.R. 85, 1265 (1952).

Quartz crystals, fused quartz, quenched crystalline quartz, pure

artificial cristobalite and pure artificial tridymite to 714cm -I .
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Fuchs, L. H. and Hoekstra, H. R., Preparation and properties of uranium

(IV) silicate, Am. Mineralogis_ 44 Eg-lO_, 1057-63 (1959).
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Grum-Grzhimailo, S. Vo, Brilliantov, No A., Sviridova, Ro Ko, Sukkanova. Oo No

and Kapitonova, M. Mo, Absorption spectra of iron colored beryls at

290 to 1._K, Optika i Spektroskopiya 13, No. l, 133-4 (1962)o
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minerals caused by chrome, Travo Lab° Cristo Acad. Sci. UoRoS.S.
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_. Opt. Soc. Am° 51 [i], 108-12 (1961).

Louisfert, J°, Fundamental frequencies of external vibrations of calcite,

dolomite and magnesite, Co___t0 rend° 248, ll50 (1959).
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_o rend° 248, 1497 (1959)o
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Neuhaus, A., Ionic colors of crystals and minerals (chromium coloring),

Z. Krist. ll3, 195-233 (1960).
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144, 186-88 (1962)o

Parker, Rebecca A., Lorentz corrections in rutile, Phys_ Revo 124, 1713-19

(1961)o

Cassiterite was also considered.
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of dislocations, J. Am. Ceram. Soc. 43 [9], 458-72 (1960).
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cordierites, Bull. Geol. Soc. Amer. (Abstr.) (1961).

Schultz, G. V. and Haberland, D., Infrared absorption of Ni nuclei in
corundum, Z. Naturforsch. 16 b, 559 (1961).

A Verneuil grown single crystal of corundum containing less than

l%NiOwas studied°

1118



Setkina, O. N., Infrared spectra of minerals and their practical application,
Zapiski Vsesozuz. Mineral. Obshchestva 88, 39-47 (1959).
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Weir, C. E. and Lippincott, E. R., Znfrared studies of aragonite

calcite and vaterite type structures in the borates, carbonates and
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, 119-_3; [6] 145-52 (1939)Anal. Chim. Appl. 21 [5] o
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Nisi, H. and Miyamoto, K., On the fluorescence of fluorspars excited by

light oi different wavelengths, Proc. Tokyo 4, 357 (1929).

Northup, M. A. and Lee, O. I., Experiments on the thermoluminescence of
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in the U.S.S.R., Proc. U. N. Intern. Conf. Peaceful Uses Atomic

_, 2nd Geneva, _ 2V 2_.

Optical and fluorescence data given.

Ramachandron, G. N. and Chandrosekhar, V., Luminescence as "forbidden
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Polska° Akad. Nauk, Komitet Geol., Arch. Mineral. 18, 177-86 (1955).

"E[_glish summary.-_.

When lighted by Wood's filter the fluorescence spectrum showed the
maximum at about 4600 A.

Smith, E. A. C. and Parsons, Wm. H., Mineral fluorescence, Am. Mineral. 23,

513-21 (1938).

Study of 43 specimens representing 21 species.

Spencer, L. J., Fluorescence of minerals in ultraviolet rays, Nat. Hist.

Ma___gg.l, 291-8; Am. Mineral. 14, 33-7 (1929).

_nosar, Bo V., On the fluorescent ions of chromium in corundum, Phil.

Ma__g.26, 380 and 878 (1938); Ph_ys. Rev. 54 , 233 (1938). --

Thosar, B. V., The polarization of luminescence of ruby, Phys. Rev. 60,

616 (1941).

Tiede, E. and L(fder, H., Aluminum oxides capable of luminescence and their

crystal-chemical relation to the natural and synthetic precious stones

of the corundum type and their colors, Ber. 66 B, 1681-9 (1933).

Ti, Pt, Mn, Fe, Ga, Cr, Rh, V in A_O s and the fluorescence produced
was studied.

Vanderwilt, J. W., A review of fluorescence as applied to minerals, with

special reference to scheelite, Am. Inst. Mining Met.)Engrs., MiningTechnol. i0, No. 2, Tech. Pub. No-'?I_7_, 1p_p. (i-_6 . ----

Van Heel, A. C. S., Monochromatic excitation of fluorescence, Verslag A]_ad.

Wetenschappen, Amsterdam 34, 6!34-6 (1925).

Au_unite (Ca uranyl phosphate) is discussed.

Van Heel, A. C. S., Some experiments on fluorescence, Communications Phil.

Lab. Univ. Leiden, No. 187, 3-14 (1931).

Absorption and fluorescent lines of autunite and potassium mranyl

sulfate at temperatures were studied.

Venkateswaran, C. S., The fluorescence of ruby, sapphire and emerald,

Proc. Indian Acad. Sci. 2 A, 459-65 (1935)o

Emerald strong lines at 6806 and 68}7 and weak bands at 6946, 6908,

6736, 6633, 6578 _. Sapphire strong lines aS 6927 and 6942 and bands

at 7130, 7060, 6992, 6802, 675]5, 6690,6592 A.
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Ruby strong lines at 7027, 6992, 6945, 6927, 6814, 6791, bands at

7266, 7222, 7164, 7125, 7089, 6753, 6690, 6650, 6592, 6495, 6430,

an unresolved spectrum between _992 and 6945 and a continu6us

speetrum between 6100 and 6900

8.3. Rare Earth Elements

The general section here includes articles dealing with the prepar-

ation of certain compounds and also some of their properties. This is

not a complete bibliography on these subjects, but is to supplement the

bibliography on Rare Earths given under Rare Earth in Part A. The section

on spectra is very complete and up to date as of early 1963o If the

article deals with both absorption and fluorescence the article was

placed in the spectra section. Both the spectra and fluorescence sections

contain information on energy levels° The rare earth sections are chiefly

from Chemical Abstracts, but some references were also obtained from

Nuclear Science Abstracts°

8.3ao Rare Earth, General

Aftandiliam, V. D., Observations on the rare earths. Preparation of
anhydrous nitrates, PhoD. dissertation (Univ. of Ill.), Univ.

Microfilm Publ. No. lO, 440, 112 pp., Dissertation Abstr. 15,

3o-i (1955")7--

Albertson, W° E., Bruynes, H. and Hanau, Ro, The normal electron configu-

ration of singly ionized godolinium, Phys. Re___vv.57, 292-3 (1940)°

Al'tshuler, S. Ao, The theory of paramagnetic resonance in rare earth

metals, Zhur. Eksptl. i Teoret. Fiz. 26, 439-46 (1954)o

The metals with cubic, hexagonal and tetragonal lattices are

considered separately. Factors affecting the spin-lattice
relaxation time are taken into consideration°

Axelrod, J. Mo, Rare earth carbonates, (Univo of _ryland, College Park)

Univ. Microfilm_ (Ann Arbor, _[chigan) Lo C. Card, 59-3008, 85 PP.,

Dissertation Abstro 20, 876-7 (1959).

f
Ayant, Y. and Belorizky, Elie, Hyperfine structure of praseodymium in

solids, _. Phys. Radium 22, 460-2 (1961).

Pr +++ and Pr++++ in a pure cubic state°
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Baenziger, N. C., Holden, J. R., Knudson, G. E. and Popov, A. I., Unit

cell dimensions of some rare earth oxyfluorides, J. Am. Chem. Soc.

76, 4734-5 (1954).

MOF (M = La, Pr, Nd, Sm, Eu, Gd, and Tb).

Baker, J. M., Hayes, W. and Jones, D. A., Paramagnetic resonance of

impurties in CaF 2 , (Clarendon ]Lab., Oxford, England) Proc. Phys.

So___c.(London) 73, 942-5 (1959)_

CaFs containing V, Cr, Mn, Fe, Co, Ni, Cu, Ce, Pr, Nd, Sm, Eu,
_n,___j,D_rand ___ impurtieso

Beck, G. and Nowacki, W., Preparation and crystal structure of EuS and

EuF_, Naturwissenschaften 26, 495 (1938).

Becquerel, J., Determination of paramagnetic susceptibility of crystals

of salts of rare earths by determining paramagnetic rotatory power

Compt. rend. 201, lll2-15 (1935).

Measurements of the paramagnetic rotatory power along the optic

axis of ethylsulfates of Pr, Nd, Dy, and Er from the temperature
of liquid He to 20° were made.

Bellucci, I. and Grassi, L., A markedly ceritic fluoapatite from Latium.

Gazz. chim. ital 49, II, 232-46 (1919).

A summary is given of the literature dealing with apatites containing
rare earths.

Benacerraf, Andre, Guittard, Micheline, Domange, Louis and Flahaut, Jean,

the oxyselenides of elements of the rare earth group, Bull. soc.

chim. Franc_____e,1920-2 (1959).

La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb, and Y, oxyselenides are hexagonal,

space group I@sd - C 3 m.

Benoit, Rene and Blum, Pierre, Par_nagnetic properties of borides of

some of the rare earths, Compt. rend. 234, 2428-30 (1952).

CeB_, NdBo, GaBs, _bBs, and LaB 8 .
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Bertaut, Fo and Forrat, F., The structure of the ferrimagnetic rare

earth ferrites, Compt. rend. 2h9, 382-4 (1956)o

Fes Ms Ol

M is ++t rare earth, is body-centered, cubic with a = 12.40 _+ .i.

Binder, I., LaPlaca, S. and Post, Bo, Some new rare earth borides, p. 86-93

of Proceedings of the Conference on Boron."

Birmingham, Jo Mo and Wilkinson, G._ Cyclopentadienides of scandium,

yttrium, and some rare earth elements, J_ Amo Chem. Soc. 78, 42-4

(1956 ).

(CsH s)sM M = Sc, Y; T", C,e, Pr, etCo

Absorption for some were stuaiedo

Blanchetais, Charlotte Henry la, Magnetic properties of several rare earth

metals and oxides. II. Results of magnetic measurements, J. recherches

centre natl. recherche SCio Labs° Bellevue (Paris)No. 29, 103-33

Uf Y o

B ea_<:y, B. and Scovil, H. E. D., Paramagnetic resonance in praseodymium

ethylsulfate, Phil. Mag. k3, 999-1000 (1952).

Boakes, D., Garton, G., Ryan, D. and[ Wolf, W_ P., Paramagnetic resonance

of Yb +++ in yttrium gallium garnet_ Proco Phys. Soc_ (London) 74,

663-5 (1959).

Bodman, G., Isomorphism between the salts of Bi and the rare earths, _.

Kyst0 Min. 45, 1906-7

(mC,_H4NO_SOs)sY + 7 }'LEO and (mCeH4NO_S0 a ).} "* 7 i_O

Monoclinic

(ratio 1.8667:1:2o4925) _ = 93°8 ' optical •

Bogle, G. S=, Cooke, A_ H. and Whit iey, So W., Paramagnetism of cerium

ethyl sulfate at low temperature, Proc_ Phy__s_ S__oi. 64 A, 931-2 (1951).

Bowles, J. A. C. and Partridge, Ho Mo, Rare earth s_Its; precipitation

and pH studies with the glass electrode, Ind_ Engo Chem. Anal. Ed. 9,

12h, (1937).
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Brauer, Po, Eu in alkaline earth oxides and sulphides, _. Naturforsch. 6a,

561 (1951).
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Brauer_ I. G. and Gradingerj H., Heterotype mixed phases among rare

earth oxides, Z. anog. u. allge:m Chem. 276 [5-6] 209-26 (1954).
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earth were studied. La, Nd, Ce, Pr and Y, hexaantipyrine perchlor-
ates.

Williams, M. D., Fogg, H. C. and James, C., Solubilities of rare-earth

salts, I., J_ Am. Chem. Soc. 47, 297-301 (1925).

NdC_.6_,.O in _,0
SaCl3 . "

YtC4"6%0 in %0

io-5ooc

Wold, A., Post, B. and Banks, E., Rare earth nickel oxides, J. Am. Chem.

Soc. 79, 4911-13 (1957).

X-ray cell dimensions are given•
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Wood,E. A., Crystallographic studies of perovskite-like compounds.
I. Rare earth orthoferrites and YFeOs,YCrOs,YAlOs, Actao Cr___.
9, 563-8 (1956).

D_e - Pb nm
_h

Wyronboff, G. and Verne_il, A., Researcheson the chemistry of the rare
earths, Ann. ch_m.phys. 9, 289-361

Yakel, H. L., Banks, E. and Ward, R., Some solid solutions of the rare

earth sulfides in strontium sulfide, J. Electrochem. Soc. 96 [5],

305-309 (1949).

Two rare earth ions replacing three strontium ions in the SrS
lattice.

Zachariasen, W., The crystal structure of the modification C of the

sesquioxides of the rare earth metals and of indium and thallium,

Norsh Geol. Tlds 9, 310-6 (1927).

_0 s oxides - body centered cubic with 16 mols. _03 per unit cell.

Zalkin, A. and Templeton, D. H., C_rstal structure of CeB4, ThB 4 and

UB4, Act___a.Cryst. 6 [3], 269-72 (1953).

Tetragonal.

Zambonini, F., The solid solution of Caj Ba, Sr, and Pb with rare earths,

and its importance in mineralogical chemistry, Rin. Min. Crlst. Ital.

Vols. 45-46, 3-185 (1916).

Preparation and investigation of mixed chlorides, nitrates, sulphates,

molybdates, tungstates, phosp]_tes, and vanadates are described.

Zambonini, Fo, Solid solutions of the compounds of calcium, strontium,
barium and lead with those of the rare earths, Bull. soc. franc, mino

38, 2o6-64.

A large number of simple compounds was investigated. Crystn

both from aqueous solution and the fused state.

Zambonini, Fo, Atomic structure according to Bohr and isomorphogenism

of metals of the rare earths with those of the calcium group, Atti

accad. Lincei [v] 33, il, 16-20 (1924).
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Zambonini, F. and Carobbi, G., The double sulfates of the rare earth

metals and of the alkaline metals, Atti. accad. Lincei [6] 2,

374-7 (1925).

_% (s%)z_ s% .2%0

_N% (S0_)35N% S04•8% 0

3_% (S0,)s_ S%. 6% 0

2_% (S%)3 3N_ S04.5% 0

Zambonini, F. and Levi, R. G., The isomorphism of the molybdates of the

rare earth metals with those of calcium, strontium, barium and

lead, Atti. accad. Lincei [6] 2, 149-52 , 225-30 , 303-5 (1925).

CaMo04, SrMo04, BaMoO 4 and PbMoO 4 all have the same structure.

They are isomorphous with Ce group molybdates. The rare earth

can substitute in CaMoO 4.

Zambonini, F. and Restaino, S., The double sulfates of the rare earth metals

and of the alkali metals. V. Derous ammonium sulfate, Atti. accad.

Lincei [6] 3, 178-83 (1926).

Cem(SO 4)s.(N_) SO4.8%0 and _%(S0 4)s.5(N_)_s0 4 are described

crystallographically.

Zambonini, F. and Restaino, S., The double sulfates of metals of the

rare earths and alkaline earths, Atti. accad. Lincei [6] 4, 5-10

(1926).

Nd eo Sm seZandy, H. F., The _v and Mv adsorption edges of Pr59,
Eu s3, Proc. Phys. Soc. (London)65 A, 1015-22 (1952).

and

Close attention has been paid to the fine structure (white lines)

on the long wave side of the edge. The white lines are thought

to arise from transitions from _v,v groups to the incomplete 4f

(Nvl ,vl i ) groups.

Methods of fractional crystallization of double Mg nitrates of rare
earths, Virts. Zhur. Anal. Khim. 9, 299-303 (1954).

Compounds of the CusCa type crystal structure, Nachr. Akad. Wiss. Gottingen,

Math. Physi_____kkKlass_____e,II___aMat____hh.-ph____ysik.-chem.Abst. No. l, _ pp. (1950).

Because of radius ratio rB/rA only Co, Ni, Co, Zn, Ag, Au and Pt can

be A atoms and only alkaline earths and rare earths metals plus Th

satisfy B requirements.

All are Hexo

ao 4.864 - 5.664

co 3.940 - 4.636
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Phase diagram of the system NdC_-CaC_-NaC1, Zhuro Neorg° Khimo 2,
1639-42 (1957)o

8.3b. Rare Earth Spectra

Agrawal, R. M., Asundi_ R. Ko, Naik,_ R. C., Ramakrishnan, Do and Singh, So,

'I_ state of Pr+++ in LaC1 s at 77°K, Proco Indian Acado Sci. Sect@ A 55,
1_-_ (1%2)o

Spectra was recorded at 4200-5400 _o

Albertson, W., Arc spectrum of samarium and gadolinium; normal electron

configurations of the rare earths, Phys. Re___Vo47, 370 (1935)o

Azcona, Juan Manuel L_ez de, Spectrochemical study of the rare earths,

Bol. inst. geol. _. minero. Espa_a [3] 15, 270-433 (1941).

Concentrations of 1%, 0o1%, and 0°01% as octahydrate sulfate were

arcked. Tables of about 250-400 lines from 2480 to 4930 _ are

given, as well as other tables tabulating previous work°

Bailey, P. and Goldman, A., Magneto°°optical effects in ferrimagnetic

oxides, UoSo Dept. Com., Office Tech. Serv., PoB. Rept. 149, 572
75 PP. (i9_0)_ --

The absorption and Faraday rotation of single crystal rare earth

garnets were studied.

Banks, C. V. and Kllngman, Donno W o, Spectrophotometric determination of

rare earth mixtures, Analo Chim° Acta 15, 356-63 (1956).

Nd, Pr, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb in the range 220-1000 m_.

(Oxides dissolved in perchloric acid. Spectra in graphic form. )

Banks, C. V., Heusinkveld, Mo R° and O'Laughlln, J° W o3 Absorption spectra

of the lanthanides in fused lithium chloride-potassium chloride

eutectic, Anal. Chem. 33, ]235.-40 (1961).

A detailed study of the spectra of the lanthanideso
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Batsanova, L. R. and Grigor'eva, G. N., Theoptical properties of fluorides
of the rare earth metals of the cerium group, Izv. Sibirsk. Otd.

Akad. Nauk S.S.S._. No. 2, n5..18 (1962).

La, Ce, Pr, Nd, Sm and Eu.

Becquerel, J. and Onnes, H. K., The absorption spectra of the compounds

of the rare earths at the temperature obtainable with liquid hydrogen,
Proc. Acad. Amsterdam lO, 592-601

0

Becquerel, J. and Onnes, H. K., Absorption spectra of the compounds of the

rare earths at the temperature obtainable with liquid hydrogen and

their change by magnetic field, K. Akad. Westenschappen, Amsterdam
lO, 592-603

Bethe, H. A. and Spedding, F. H., Absorption spectrum of Tm_(SO4)s8HmO ,
Phys. Rev. 52, 454 (1937).

Boulanger, F., The absorption spectra by reflection of some solid rare

earth compounds, Compt. rend. 233, 650-1 (1951).

Nd(O )3
AL_ 03 •Nd_ 03

Na 03
Pr(oE) 
A4%Pr Os

Boulanger, F., The absorption spectra of rare earths, Ann. Chim. 7,
732-71 (1952).

Various solutions and crystalline compounds of Pr, Nd, and Tb

were prepared and their visible absorption spectra was studied.

Bovey, L. and Steers, E. B., Optical spectra of some rare earth and

transuranic elements in the 1-3 micron region. I. Apparatus,

At. Energy Research Estab. (Gt. Brit. ) C/R 2827, lO pp. (1959).

Bovey, L. and Steers, E. B. M., Optical spectra of some rare earth and

transuranic elements in the 1-3 _ region. IV. Spectrum of Np.

V. Spectrum of Lu, At. Energy Research Estab. (Gt. Brit.) R 3118,

5 pp. (1959), and _ Y22T, "SI--_p#.(1959 ).
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Broer, L. J° F., Gorter, C. J. and Hoogschagen_J., The intensities and
the multipule character in the spectra of the rare earth ions,
Physica II, 231-50 (1945), (in English)°

Trivalent Pr, Tm, Ho, Tb, Eu, Nd and Sm are discussed°

Brunetti, R., Polychroism and orientation of ions in crystals of the rare

earths, Atti. accad. Lincei [611 7, 238-44 (1928).

Absorption spectra of Prm(S04 )s.5%0 and Na(Br0 s )s are given,

Butement, F. D. S., Absorption and fluorescence spectra of bivalent

samarium, europium, and ytterbium, Trans. Faraday Soc. 44, 617-26

(1948)o
O

Absorption spectra from 2000 to 9000 A of SmCl_ in water and in

solid NaCI, SrCI_ and BaCI_; EuCI_ in H_0 and SrCl_ and BaCI_; and

YbCI_, in H_O. Fluorescence spectra include SmCI_ in SrCI_ and BaC'[_;

EuO_ in SrCI_ and in BaCI_; YbCI_ in SrCI_ and BaCI_.

Butement, F. Do So and Terry, H., _le absorption spectra of divalent

samarium, J o Chemo Soc. (Londo) lll2 (1937).

Carlson, E. H. and Dieke, G. Ho, The state of the Nds+ ion as derived

from the absorption and fluorescence spectra of NdCls and their

Zeeman effects, J. Chemo Physo 3_, 1602-1609 (1961).

Energy level diagram is almost completed from 0 to 2800 cm -I.

Chow, Y. K., Absorption spectrum of neodymium fluoride NdFs, Z. Physik.

124, 52-67 (1947).

NdFs crystal at liquid air temperature visible and near infrared
with high dispersion Zeeman effect observed with magnetic field

of 40,000 gausses.

Conway, J. G., Gruber, J., Hulet, E. K., Morrow, R. J. and Gutmacher, R. G.,

Absorption and self-luminescence spectra of Cfa+(5 f9 ), J. Chemo

Phys. 36, 189-90 (1962).

@

3000 to 8500 A region of LaCl s.
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Crosby_G. A., Whan,R. E. and Alire, R. E., Intramolecular energy
transfer in rare earth chelates role of the triplet state, J. Chem.
Phys. 34, 743-8 (1961).

Optical properties of rare earth ions in chelates and in inorganic
salts are compared.

Crosswhite, H. M. and Dieke_ G. H., Spectrumand magnetic properties of
hexagonal DyC1s, J. Chem.Phys. 35, 1535-48 (1961).

Absorption and fluroescence spectra and energy levels are given.

Crozier, M. H. and Runclman_W. A._ Analysis of the spectra of trivalent
promethiumand holmium, J. Che___m.Phys. 35_ 1392-409 (1961).

Energy levels obtained.

Deutschbein, 0., The structure of electrolytic solutions of the rare

earths (europium)3 Z..ges. Naturw. 4, 237-8 (1938).

Spectra of different solutions are compared, also fluorescence

spectrum of aqueous Eu_(S04) S solution and solid Eu_(SO4)_.SH_O

are compared.

Dieke, G. H. and Heroux, L., Absorption spectra, Zeeman effects, and

magnetic properties of neodymium salts, Phys. Re__vv.103, 1227-39 (1956).

Nd_Mg._ (NOs)_ _. 24H_0

Nd_Zns(NO s)1_" 24HmO

Nd(EtSO )3.9  O
Nd(BrO _ )s"9H_O

NdCI_'6H_O

(La+ Nd)Cl .TH O

Nd_(SO_)_ -8H_O

+ Nd) (S04) .9  O

Nd(OAc)3 "H_ 0

Dieke, G. H. and Leopold, L., Absorption, fluorescence and magnetic

properties of gadolinium chloride (GdCI_.6H_O), _. Opt. Soc. Am.

47, 944-54 (195?)-

Dieke, G. H. and Singh, S., Absorption and fluorescence spectra with

magnetic properties of ErCls, _. Che___mm.Phi. 35, 555-63 (1961).
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Eder, J. M. and Valenta, Eo, Wave-length measurementsin the visible
part of the arc spectrum. II. Dy, Tr, Er, Gd, Nd, Y, Zr, La and
Sm,Sitz. Akad. Wiss. Wien ll9. 32 pp. (1910).

Eisenstein, J. C., Analysis of the absorption spectrum of YbCI_.6H_O,
J. Chem.Phys. 35, 2097-100 (1961).

Entire spectrumconsidered.

Elliott, J o Po, Judd, B. Roand Runciman,Wo A., Energy levels in rare-
earth ions, Proc. Roy. So___c.A 240, 509-23 (1957).

The Coulombinteraction, spin coupling, and the influence of an
external electrostatic field on a rare earth ion in a crystal
lattice, are discussed°

Ewald3H., Transition probabilities in the absorption spectra of the
rare earths dependupon temperature, Z. Physik. llO, 428-35 (1938)o

As an example, a line group of the Zn-Nddouble nitrate is
studied.

Feofilov, P. Poand Kaplyanskii, A. A.3 Spectra of bivalent rare earth
ions in the crystals of alkaline earth fluorides° Io Samarium,
_ptika i S_ektroskopiza 32, 493-500 (1962).

Absorption and luminescence spectra of Sm++ in Ca, Sr_ and Ba fluoride
single crystals° Energy level diagrams 0-18,000 cm- are given

in C.A. 57, 6753 bo

Fog, J. and Osnes, E., Calibration of the wave-length scale on spectro-

photometers by samarium and neodymium chlorides, Analyst 87, 76o-1

(1962).

The visible absorption spectra of SmCls and NdCls solutions were
measured°

Forrester, P. A. and Hempstead, Co F., Paramagnetic resonance of Tb +++

ions in CAW04 and CaF_, Phi. Re___vv.326, 923-30 (1962).

Freed, S., Spectra of ions in fields of various symmetry in crystals

and solutions, Rev. Modern Phys° 14, 105-11 (1942).

Special attention is given to the rare earths in various crystal
forms or in different solutions.
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Freed, S. and Hochanadel,C. J., Solutions of salts fluid at the
temperature of liquid nitrogen_ spectra of solutions of rare
earths, J. Chem.Phys. 17, 664-5 (1949).

The hexahydrate bromides and nitrates of Nd, Sm, Pr and Tmwere
studied.

Freed, S. and Hochanadel,C. J., Spectra of rare earths in solutions
fluid at the temperature of liquid nitrogen, J. Chem.Phys. 18,
780-2 (1950) •

Freed, S. and Katcoff, S., The absorption and fluorescence spectra of

divalent europium ion in crystals, Physica 14, 17 (1948).

Freed, S., Weissman_ and Fortess, F. E., The absorption spectra of ions

of europium and the electric fields within some coordination compounds,

J. Am. Chem. S,c. 63, 1079-85 (1941).

In solutions.

Friederich, A., Hellwege, K. H. and Lammermann, H.# Further analysis of

the spectra of trivalent samarium in single crystals of various

symmetries, Z. Physlk 155, 251-60 (1960).

Sm ethyl sulfate, SmC1 s and Sm nitrate.

Gatter, A., Junkes, J., et al., Atlas of persistent spectra, Separate

from Astrophys, Lab. of the Vatican Observator_ Vatican City (1949).

I. Spectra of 30 chemical elements - includes among other

Co, Cr, Cu, Mg, Mn, Mo, Ni, Ti, V, Zn and Pt. 53 PP.
and 28 charts.

II. Spectra of rare earths. 80 pp. and 42 charts.

Gobrecht, H., The infrared absorption and emission spectra of rare earth

ions, Physik. Z. 37, 549 (1936).

Gobrecht, H., The absorption and emission spectra of rare earth ions in

the solid state, Z. techn. Physlk 17, 425 (1936); _ Z. 37,

851 (1936).

Gobrecht, H., The absorption and fluorescence spectra of the ions of the

rare earths in solid substances especially in the infrared, Ann.

28, 673-700 (1937).
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Gobrecht, H., A new energy change of an atom through absorption of

light, Z. ges. NaturWo 3, 351-2 (1937).

The absorption and fluorescence spectra of Ybz(SO4)3o8HzO in the

infrared was measured. (Ho+++, Er+++, and Tu+++ also showed InfraI_d

absorption. ).

Gobrecht, H. and Tomaschek, R., Analytical detection of rare earths by

absorption and fluorescence, Ann. Physlk 29, 324 (1937).

Gobrecht, H., The spectra of trlvalent thulium, Ann. Phs_k 31, 600-8

(1938).

The absorption and emission spectra.

Gobrecht, H., Screening constants and transitions between the multiplet

terms of the ground states of the rare earth ions, Ann. Physik 31,

755-60 (1938).

Infrared absorption of trivalent, Nd, Eu, Dy, Ho, Er, TuandYb

are given, also some fluorescence spectra°

Gobrecht, H., The absorption spectHt and the ground terms of the ions

of the rare earths, Ann° Phs_ 31, 755-67 (1938).

Gorlich," P., Optical measurements on calcium fluoride, Monatsber deuto

Akad Wiss. Berlin l, 228-30 (1959).

Pure and wlth Eu.

Gramberg, G., Absorption spectrum a_ zeeman effect of crystalline

dyprosium salts at low temperature, Z_Physik 159, 125-48 (1960).

(18,000 - 27,000 cm -I ) Dy ethyl-sulfate, chloride and nitrate°

Grishlna, T. I., Determination of slm_ll quantities of rare earth

elements In praseodymium, neodymium, samarium, terbium, dysprosium_.
holmium, erbrium, and thulium preparations_ zhur. Anal. Khimo 14,

427-30 (1959)° ----

O

Spectral lines in range 3000-4000 A were studied.

Grohmann, Io, Hellwege, Ko H. and Kahle, H. G., Spectrum, Zeeman effect

of trivalent holmium in crystalline salts, _. _ 164, 243-56
(1961).

Visible absorption spectra in ethylsulfate, nitrate, and chloride.
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Guy, J o S. and Jones, H. C., A quantitative study of absorption spectra

by means of the radiomicrometer, Am. Chem. J. 50, 257-308.

Infrared absorption of solutions of Nd chloride (0.65 _ to 1 W),

Nd nitrate (0.65 _ to 0.95 _), Nd acetate (0.65 _ to 0.95 _), Pr
chloride and nitrate (0.55 _ to 0.7 _), and several Ni and Co

salts (0o5 _ to 1•18 _).

Hagiwara, Z_, Separation of the rare earths and their accompanying elements.

XI. Absorption spectra of light; lanthanons in the ultraviolet and

• c._, I I-7_ \.L2J_)).

o
Ce_ (SO4 )s in _S04 showed broad absorption maxima at 3160 A and

o o o
no absorption above 4800 Ao SmC]_ shown from 3500 A to 8500 A,

the most intense band is ato4_!O A. Pr(NOs )s showed sharp maxima

4440, 4690, 4820, and 5920 A. NdC1 s showed minima at 4190, 4270,

4330, 4630, 4700, 4760, 5130, 5200, 5230, 5780, 6240, 6840, 7450 ,
o

and 8010 A.

Hellwege, A. M. and Hellwege, K. H., Vibrational structure of electronic

transitions in monocrystals of Pr and Nd salts, Z. Physik 133,
174-91 (1952).

Hellwege, K. H., The electron vibration spectrum of neodymium salt

crystals, Z. Physik ll3, 192-2(_ (1939).

Infrared spectrum of Zn-Nd nitrate was measured in the region

25-58 _.

Hellwege, K. H., Analysis of the spectra of crystalline europium salts,

Nachro Akad. Wiss. GSttingen, Math.-physik. Klasse, Math.-physik.-

chem. Abst. No. 2, 58-66 (1947).

Eu(BrO3 )3"9H_0 and Eu(C_HsS0 _ )3"9Hm0

Hellwege, K. H., The spectra of crystalline salts of rare earths,

Naturwissenschaften 34, 225-32 (1947).

A review of recent (1947) work on the spectra of ions and the

crystals of rare earth salts. 24 sets of references.

Hellwege, K. H., Hess, G. and Eahle, H. G., Spectrum and Zeeman effect

of trivalent praseodymium in the hexagonal ethyl sulfate, Z. Physil_
159, 333-47 (1960).

Visible region.
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Hellwege, K. H., Horstik, G., Huefner, S. and Laemmermann,H., Spectrum,
Zeemaneffect, and electronic levels of crystalline dysprosiumsalts
in the photographic infrared, Z. Physik 165, 253-8 (1961).

Absorption spectrumof Dy(C_HBSO4 )3"9H_0; Dy(NOs )s'6H20 •

Hellwege, K. H., Huefner, S. and Kahle, H. G., Spectrum, Zeemaneffect,
and electronic levels of trivalent erbium in crystalline salts.
I. Erbium tris (ethyl sulfate) Er(EtS04)3-9_0. II. Erbium chloride
ErCls.6_O and erbium nitrate Er(NOs ) "6_0, Z. Physik 160, 149-70
(1960).

Visible spectra.

Herzfeld, K. F., The width of absorption bands of the rare earths, Physik

z. 22, 544-6 (1921).
m

Holleck, L. and Eckordt, D., Complex formation and term splitting in the

absorption spectrum of rare earths, _. Naturforsch. 82, 660-4 (1953).

Holleck, L. and Hartinger, L., Molar extinction-coefficients of the

rare-earths and their analytical use, An___gew.Chem. 67, 648-651
(1955).

o

Chlorides, 2,500 - i0,000 A.

Holleck, L., Liebold, G. and Weidmann, G., Spectrophotometric determination

of cerium, Angew. Chemo 68, 552 (1956).

Hoogschagen, J. and Gorter, C. Jo, Absorption of light in solutions of

the rare earth salts, Physica 14_ 197-206 (1948), (in English).

Aqueous solutions of Er, Tm, and Yb.

Jaffe, P. M. and Banks, E., Oxidation states of europium in the alkaline

earth oxide and sulfide phosphorus, J. Electrochem. Soc. 102,

518-23 (1955). - --

Emission and absorption spectra of Eu in SrO and MgO.

Jelley, E. E., Pleochroism of crystals of rare earth salts as evidence cf

the non-rotation of certain electronic orbits, Nature 136, 335-6 (1935).

Absorption spectra of Nd sulfate are shown°
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Jones, HoC. and Anderson, J o Ao, Theabsorption spectra of a numberof
salts in water, in certain non-aqueoussolvents, and in mixtures of
these solvents with water, Am.ChemoJo 41, 163-208, 276-3_6 (1908).

The chlorides of Co• Ni, Cu, Fe, Cr, Nd, and Pr; and the bromide and
nitrate of Nd in solvent.

Jones, H. C. and Anderson, J., The absorption spectra of solutions of

certain salts of Co• Ni, Cu, Fe, Cr, Nd, Pr, and Er in water•

m_+_,1 _I _+_r] o]_k_] and acetone, o_a _ _v+,,_ _ _+_

and other solvents, Carnegie Insto, Washington, Do C., (1909).

Joos, G. and Ewald, H., The riddle of supernumerary lines in the absorption

spectrum of rare earth salts, Naturwissenschaften 25, 636-7 (1937)-

Spectra of

Nd_Zns(N0s)I_.24H_O

" Mg_ " ° t!

Nd_Mns(N0s)1_ 24H_0

Joos, G. and Hellwege, No Ho, True line width and oscillator strength of

europium sulfate, Ann° Physik39, 25-9 (1941).

Eus(SO4)3o8H_O at -190°Co

Jones, H. Co and Strong• Wo Wo, The absorption spectra of solutions of

comparatively rare salts• i_cluding those of gadolinium• dysprosi_
and samarium, Carnegie Inst., Washington, D. C., ll2 ppo (1912).

Judd, B° Ro, Optical zbsorption intensities of rare earth ions• Phys.

Revo ]27, 750-61 (1962)o

Kingsley, J o Do and Prener_ J o So, Spectroscopy and luminescence proper_zies

of CdF_:Eu, Phys. Re__zvo]26, 458-65 (1962)o

Possible use as an optical maser is discussed°

J_rgensen, Chro K.• Absorption spectra of lanthanide and actinide ions•

Jo Chemo Physo 23, 399-400 (1955").

J_rgensen, Chr. Ko and Videnskab, Kglo Do, Studies of absorption spect_.

VIIo Systems with three or more f-electrons, Selskabo Mat.-f_s. Medd.

29, NOo !l, 29 pp. (1955)o

The atomic energy levels causing the narrow bands of lanthanide

and actinide elements are investigated.
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J_rgensen, C. K. and Videnskab, Kgl. D., Variation of the parameters of
electrostatic interaction Fk derived from absorption spectra of lanthanide
complexes, Selskab. Mat. F[s. _dd. 30, No. 22, 38 pp. (1956), (in

English).

The absorption spectra of trivalent Pr, Nd, Sm and Gd in complexes

such as ethylenediamine-tetraacetate, nitrogen trlacetate, tartrate,

and citrate. Absorption data is given both in tabulated and

graphical form. 97 references°

J_rgensen, C. K., Absorption spectra of dysprosium (III), holmium (III)

and erbium (III) aquo ions, Acta. Chem. Scando ii, 981-9 (1957),

(in English).

Fluorescence in the lanthanides and actinides is also discussed°

J_rgensen, C. K., Electron transfer spectra of lanthanide complexes,

Mo__!. Phys. 5, 271-77 (1962).

Joye, P.,Rei_lection spectra of praseodymium compounds, Arch. scl. phys.

nat. 36, 431-8 (1913).

Spectra of Pr, oxide, hydroxide, chloride, sulfide, sulfate, nitrate
O

(6%0), and the oxalate (10%0) over range 4400 to 5900 A.

Joye, P., Reflection spectra of neodymium compounds, Arch° SCio _.

nat. 36, 41-58 (1914).

2N 0.6%0, 2N 0.5%0, N OS, 3,   (S04)s, NdC4, NaBrs,

Ndm (COs)s' N% (Cs 04 )s + 10% 0, Nd(N s 0s )s"6% 0 were investigated°

All Nd compounds are characterized by a group of lines at 4200 to o

5400, 5080 to 5480, 5700 to 6000, and in the region 6200 to 6800 A.

Spectra not observed beyond 6900 _.

Kahle, H. G., Analysis of the spectra and states of some rare earths in

monoclinic chloride monocrystals. Io Holmium chloride - HoCls-6%0,

347-60. II. Erbium chloride - ErCls-6%0, Z. Physlk 145, 361 (1956).

In (Er,Y) and (Ho,Y) chlorides, ions in Cs symmetry.

Keating, K. B. and Drickamer, H. G., Effect of pressure on the spectra
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171



Krumholz_,P., Spectroscopic studies on rare earth compounds. II. A
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17, 607-8 (1960), (In English)°

Absorption spectra of 0o1% Gd sharp but weak lines around 32,500

and 37,000 cm'1; 0=1% Eu sharp bands in the region 2_,200, 32,300,
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G(_(ccL_CO0),.3%o

The presence or absence of water of crystalization has little effect

on the spectra.
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the spectrum at 17,500 and 25,500 cm-l.

Freed, So and Katcoff_ S°, Absorption and fluorescence of bivalent

europium in crystals, Physica :[4, 17-28 (1948).

Eu ++ spectra !00 to ]000 times as intense as Gd+++o

Eu ++ formed mixed crystals with colorless corresponding Sr salt.

Garlick, G. F. J. and Gibson, A. F o, Decay of luminescence due to for-

bidden optical transitions, Nature 160, 303 (1947).

Eu ions in Sr silicate.

Golrecht, H., Fluroescence of rare earths, Ann. Physik 31, 181-6 (1938).

Borax and microscosmic salt beads of the rare earths were prepared

and their fluorescence in the visible was tested. Only Eu, Sm,

Tb, Dy and Tm gave line fluorescence.

Gruen, D_ M°, et al,, Fluorescence spectrum of americium _++ in LaCI s,

J. Chem. Phys. 24, ii15-16 (1956).

Single crystals of LaCI s with (9.04, 0.20 mole % Am +++ wereoPrepared

by the Stockbarger method; 34 lines between 4249 and 671.4 A.

11

Guntherschulze, A. and Gerlach, M., Luminescence excited in calcium

tungstate by an electric current, Z° Physik. 88, 355-7 (1934).

Ruby also showed same effect.

Haberlandt, H., Fluorescence analysis of minerals, Sitzber. Akad Wisso

Wien. Math.-naturw Klasse Abt° fla. 143, 11-13 (1934).

Some topaz show a yellow to reddish yellow fluorescence due to

rare earth impurities.
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Haberlandt,.H., Karlik, B. and Przibram, K., Fluorescence of fluorite.

IV. The detection of uranium in fluorites and the low temperature

fluorescence, Sitzber. Akad Wien., Matho-naturwo Klasse, Abto lla
144, 135-40 (1935).

V. The fluorescence of europi1_n dichloride and of alkali halide-

europium fluorescence. Prizibram, K., Ibid 141-9.

Pure EuC_ fluoresces bright purple, and shows a narrow band
at 690 m_ and a stronger one at 630 m_.

Haitinger, O. M., Fluorescence phenomena of cerium and other rare earths

Sitzber. Akad. Wiss. Wie___nn,_th.-naturw. Klasse, Abt. IIa, 1_2,
339-42(193-- U.

Ce, Eu, Sm, Gd, Tb, Dy, Tm and Ho preparations were found to show

fluorescence in the visible; La, Pr, Nd, Er, and Yb did not.

Hellwege, K. H., Fluorescence and the coupling between electron terms

and crystal lattice in hydrated salts of the rare earths, Ann.

_. 4o, 529-42 (19_1).

0nly the rare earths from Sm to Dy fluoresce because in the others

the coupling is so strong that the excitation energy is quickly
transferred to the lattice.

lwase, E., Cathodoluminescence spectrum due to the presence of samarium

in solid calcium compounds, Sci. Papers Inst. _ys. Chem. Research
(T kS S )34, 7-503 ( 938)o

Ca compounds containing Sm: silicate, sulfate, phosphate, tungsta-_e,
molybdate, fluoride, oxide, aluminate and borate.

Judd, B. R., Analysis of the fluorescence spectrum of neodymium chloride,

Proc. Ro2. So___c.(London) A 251 , 134-42 (1959).

Kaplyanskii, A. A., Moskvin, N. A. and Pryhevuskii, A. K., Band splitting

in the luminescence spectra of anisotroplc centers in LiF and CaF_:

Eu crystal subjected to oriented deformation, Optlcsand S_ectroscopy
(USSR), (English Trans. ) lO [3], 185-88 (1961)U

Karlik, B. and Przibram, K., The fluorescence of divalent rare earths,

S.B. Akad. Wiss. Wien , lla, 146, 209 (1937).

Eu, blue; Yb, yellowish green; Sm, red; and Tu, red.



Keller, S. P., Fluorescence spectra, term assignments, and crystal field
splittings of rare earth actiw_ted phosphors, Jo Chem.Physo29,
180-7 (1958)o -

The visible fluorescent emission, excited by 280 mwradiation, of
SrS activated with rare earths were studied.

Keller, S. P., Variation of valence state of europium in strontium sulfide
phosphors, J. Chem.Phys. 30, 556-60 (1959).

Fluorescent emission studied.

Keller, S. P., Napes, J. Eo and Cheroff, G., Infrared stimulatable phosphors,
Phys. Revo108, 663-76 (1957).

Optical study results of transmission, excitation, fluorescence
phosphorescence,stimulation emission spectra of SrS, SrS:Ce,Sm
and SrS:Eu,Sm.

Keller, So P. and Pettit, GoD., Quenching,stimulation and exhaustion
studies on someinfrared stimulatablephosphors, Phys. Rev. lll,
1533-9 (1958)o

SrS:Ce and SrS:Eu fluorescent emission were studied.

Keller, S. P. and Pettit, G. D., Low-temperature fluorescence spectra

and crystal-field splittings of rare-earth activated strontium

sulfide phosphors, J. Chem. Phys. 30, 434-41 (1959)o

Activated with trivalent Ce, Pr, Nd, Sm, Er, Gd, Tb, Dy, Ho, Tm,

Yb or Lu, and Eu++0

Kondrat'eva, E. V. and Ustinov, Vo B., Luminescence afterglow of terbium

salt solutions, Vestnik Leningrad Univ. 14, No. 4, Ser. Fiz. io Klimo

No. l, 5-10 (1959)o

o

Bands at 58903 5450, and 4890 A of Th_(S04) _ in concentrated _SO 4
solution°

Kremensky, N., Larionov, J. and Seidel, A., The structure of the bands

in the fluorescence spectrum of aqueous solutions of terbium salts,

Act___aphyschimo U.S.S.R. 6, 481 (1937).
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Kroeger, F. Ao and Bakker, J., Luminescenceof cerium compounds,Physica
8, 628 (1941).

Larionov, Ya. I., Photoluminescence spectra of solutions of rare earth

salts, Vestnik Leningrad Uni____vv.No. 7, 18-28 (1947).

Tb salts show luminescence spectrum with bands at 681, 670, 648, 621,

589, 545, and 489 m_. Width of the bands are 10-20 m_. Other rare

earths are also discussed.

Larionov, Ya., Novikova-Mmash, O. Vc and Zaidel, A., The fluorescence

and absorption of praseodymium salt solutions, Compt. rend. acad.
SCio U°RoSoS. 21, 325-7 (1938), (in English).

Larionov, I. and Seidel, A., Fluorescence of the salts of trivalent

europium in aqueous solutions, Compt. rend. acad. sci° U.R.S.S.
[N.S.], 3, 115-18 (1936).

O

Eu sulfate; 3 narrow bands at 5935, 6165 and 6965 A, a narrow band
o O

at 3108 A, a broad band at 3215 to 4070 and at about 4550 A.

Levskin, V. L., et al., Alkaline earth phosphors, characterized by a

high sensitivity to infrared rays 3 Zhur. Eksptl. Teoret. Fiz. 17,
944-63 (1947).

CaS and SrS with rare earths, emission spectra are given.

MacDonald, Ro E., Fluorescence of europium tungstate, IBM J_. Re___s.Devel______op.
6, 363-4 (1962).

o

Eu_ (W04 )s strongest emission is in the 6150 A region.

Mendenhall, Co E. and Wood, R. W., The effect of electric and magnetic

fields on the emission lines of solids, Phil. Mag. 30, 316-20

(1915).

Crystals studied were fluorite, ruby_ monazite, Pr_(SO 4 )s' N_(S04 )s

and U%(NOs

MukherJi, P. Co, Investigation of the diffuse fluorescence spectrum of

ions of the rare earths in solution and in the crystal, Z. Physik
109, 573-85 (1938).

La+++, Ce+++, Pr+++, and Nd +++.
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Nichols, E. L. and }{awes,H. L., Note on the rare earths as activators
of luminescence, J. O__t.Soc. #_. 13, 573 (1926).

Peattie, C. G. and Rogers, L. B., Armlytical studies of fluorescence
of Smin calcium sulfate, Spectrochim. Acta 9 [4], 307-22 (1957).

Peattie, C. G. and Rogers, L. B., Armlytical studies of the fluorescence

of samarium in calcium tungstate, Analyt. Chem. 25, 518 (1953)o

Przibram, K., Fluorescence of fluorite and the bivalent europium ion,
Nature 135, lO0 (1935)o

Przibram, K., The fluorescence of fluorite. V. The fluorescence of

europium dichloride and alkali halide (Eu) phosphors, S. B. Wisso

Wie__._n,II a, 144, 141 (1935).

Przibram, K., The red fluorescence band of bivalent samarium, Anz. Akado

Wiss° Wien, Math-naturw. Klasse 73, 235-6 (1936).

Przibram, K., Coloration and luminescence produced by Becquerel rays.

IV. The fluorescence of bivalent rare earths, Z. Physik. 107,
709-12 (1937).

CaS04 with i0_ s parts by weight of Sm produces an intense fluorescence
band at 6190 A when Ra rays are used as the irradiator. Irradiated

CaSO 4 with lO-S parts of Tu shows a brilliant red light.

Przibram, K., Fluorescence of bivalent rare earths, Nature 139, 329 (1937)o

T_0 s mixed with CaSO 4 shows a red fluorescence.

Przibram, K., The fluorescence of fluorite and bivalent rare earths,

_t. Rend. Acad. Sci. U.R.S.S. 56, 31-33 (1947).

Eu, Yb, Sm, and Lu.

Przibram, K., The light emission of europium (in part the experiments
t!

of Weger), Anz° ost. Akad. Wlss., 2 December 1948.

Przibram, K., Light emitted by europium compounds, Nature 163. 989;

Acta Phys. Austriaca 3, ]26-9 (1949).
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Riehl, N. and Keppel, H., Samarium-activated calcium sulfate as thermo-

luminescent system, Naturwissenschaften 42, 624- 5 (1955).

Schenck, J., Activation of lithium iodide by europium, Nature (London)

171, 518 (1953)°

Seidel, A., Luminescence of solutions of terbium salts, Nature 159, 248

(1937).

Seidel, A., Larionov, J. and Filipov, A., On the fluorescence of aqueous

solutions of rare earth salts, _o Phy____s.U.S.S.Ro I, 67 (1939).

Servigne, M., Infrared emission of luminescence of some rare elements,

Compt. rend. 207, 905-7 (1938).

The IR. emission spectra of solid solutions of Sm, Eu, and Dy in

CaWO 4 was determined and is shown graphically. Also compared to
the same elements in solid solution with CaS04.

Stanevich, A. Eo and Yaroslavski_, N. Go, Some infrared radiation sources

within the 20-110 _ range, Inzhener-Fizo Zhur., Akado Nauk Belorus

S.S.R. i, No. 7, 49-53 (1958).

Y_O s, CeOm, ZrO_, and ThO_.

Terol, S. and Ward, R., Preliminary-studies of the perovskite-type terrmry

oxide as lumlnophors, _o Electrochem. So___c.102, 524-8 (1955).

Pr+++, Sm+++ and Eu+++ as impurities. (Emission spectra are given.).

Tomaschek, R o, The phosphoresence spectra as an aid in the investigation

of the structures of solid and liquid substances, Reichsanet
Pr_.Wirtschaftsaubau, Chem. Bet° Nro 15_ (PB 52016), 517-43

(1942 )°

Fluorescence spectra of rare earths in various crystals are

given.

Tomaschek, Ro, Structure phenomena in solids and fluids by means of

fluorescent line spectra, Ergebno d. Exakteno Naturwissenschaften 20,

268 (1942) o

Tomaschek, R° and Deutschbein, 0., Fluorescence of pure salts of the rare

earths, Nature 131, 473 (1933).

Under violet and ultroviolet: Ett_ (SO4 )_, brilliant reg; Thin(SO 4 )_,
pale green; Sm and Dy are weak while R_o and Er showed no perceptXble
emission.
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Tomaschek,R. and Mehnert, E., Fluorescence of gadolinium salts and their
solutions, A_____.Physik 29, 306-10 (1957).

Urbain, G., Cathodic phosphorescenceof the rare earths, Ann° Ohim. Phy_[.
18, 222-288, 288-376

Completewave length tables and manycharts of spectra are given.

Uzumasa,Y., Cathodic luminescencespectra of rare earths extracted from
samarskite, ishikawaite and monazite of Ishikawa, Iwaki province
(Japan), Japan J. Chem. 4, 7-9 (1929).

Luminescence spectra are given.

Van Uitert, L. G., Factors influencing the luminescent emission states

of the rare earths 3 J. Electrochem. Soc. 107, 803-6 (1960).

Depend on the extent that the host lattice perturbs the f-orbltal

electrons of the rare earth ion. Results from organic complexes,

hydrates, fluorides, and tungsemtes are compared. The effect in

tungstates are compared for Eu, To, Dy, and Er at room temperature.

Van Uitert, L. G., Factors controlling the intensity of emission of Eu _'+

and To+++ in scheelites 3 J. Chem. Phys. 573 981-5 (1962).

Van Uitert, L. G. and lida, S., Quenching interactions between rare earth

ions, Jo Chem. Phy___2s.373 986-92 (1962).

Quenching of Eu +++ by Tb+++ was studied.

Van Uitert, L. G. and Soden, R. R., Emission spectra of trivalent terbil_n,

_. Chem. Phy____s.32, 1161-4 (1960).

In CaWO4:Tbo.o_ , Tbe(%0),(SO4)s, Nao.,Tbo.sW%, and CaW%:Tbo.ooo_

Van Uitert, L. G. and Soden, R. R., Influence of ion size upon the intensity

of Eu +++ fluorescence in the tungstates, J. Chem. Phy__s.36, 517-19
(1%2)

Van Uitert, L. G. and Soden, R. R., Enhancement of Eu+++ emission by Tb÷++,

J. Chem. Phys. 36, 1289-93 (1962).

In alkali metal rare earth tungstates.
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VanUitert, Lo G. and Soden, R. R., Effects of rare earth ion substitution
upon the fluorescence of terbit_ hexa-antipyrene trl-iodide and sogium
europium tungstate, J. Chem.Phys. 36, 1797-1800(1962).

VanUitert, Lo G., Soden, R. R. and Linares, R. Co, Enhancementof rare
earth ion fluorescence by lattice processes in oxides, _. Che___mm.Phys.

36, 1793-6 (1962).

/
Varsangi, F. and Dieke, G. H., Monochromatically excited fluorescence in

rare earth salts, J. Chem. Phys. 31, 1066-70 (1959).

This is a very sensitive method for studying the coupling of the

electronic levels with lattice vibrations° If a crystal contains

several rare earth ions, their fluorescence spectra are excited

independently of each other.

Wanmaker, W o Lo, de Graaf, W. P..and Spier, H. Lo, Luminescence of Pb-
and Pb-Mn-activated La silicates, Physica 25, 1125-30 (1959), (in

English)o

Weissman, So I., Intramolecular energy transfer° The fluorescence of

complexes of europium, J. Chem. Phys. 10, 214 (1942).

Whan, R. E. and Crosby, G. A., Luminescence studies of rare earth complexes:

benzoylacetonate and dibenzoylmethide chelates, Mol. Spectr_. 8,

315-27 (1962)o

Ions included Eu +++, Tb+++, Dy+++, and Sm**+. Possible use as

optical masers is discussed.

Wick, R. and Throop, C. G., Luminescence of thorium oxide activated by

rare earths° Optimum concentration for different sources of

excitation, _o Opt° So____c.Am. 25, 57 (1935).

Wild, G., Spectroanalytical investigation of fluorite, Sitzber. Akad.

Wiss° Wien. Math°-naturwo Klasse Abt. II a, 1_6, 479-92 (1937-V_.

A study of fluorescence as related to rare-earth content, especially
Yb and Euo

T!

Witzmann, H. and Muller-Buschbaum, H. K., Emission behavior of cerium-

samarium-activated borate phosphors, Z. _ Che___mm.210, 72-85

(1959)o

Sm or Ce activated CaO:_O s .
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Witzmann, H. and M_ller-Buschbaum, H. K., Fluorescence of rare earths,

Naturwissenschaften 49, 180 (].962).

u

Zaidel, A. N., lazeeva, G. S., 0strovskaya, G. V. and Yakimova, P. P.,

Luminescence of gadolinium salts, Izv. Akad. Nauk. S.S.S.R., Ser°
Fiz. 26, 74-80 (1962).

In solutions.

v

-L'-A-..L-LIJ..[J'_V, A'i. , --r'-L,.LU.J._'.Jt::.[.J.4:e U..L

the ions of rare earths in solutions, Bull. Acad. sci. U.R.SoS.,

Classe sci. math. nat., Se___r.phys° (1938), 333-4 (in English,

334-5).

v

Zaidel, A. N., Larionov, Ya. I. and Filippov, A. N., Fluorescence of the

aqueous solutions of rare earth salts, I., J. Exptl. Theoret. Phys.
(U.S.S.R.) 9, 17-24 (1939).

Fluorescence of terbium IV solutions are best excited by wave lengths
o

2100-2300 A. The fluorescence spectrum has seven narrow bands:

489, 545, 589, 621, 648, 670 and 681 m_.

Also in J. Phy__s.(U.S.S.R.) i, No. i, 67-77 (1939), (in English).

Zaidel, A. N. and Lazeeva, G. S., Photoluminescence of solutions and

crystals of gadolinium salts, _)ptika i Spektroskopiya ll, 636-41
(1961).

Gd(S04)3' Gd(SO4)s'8%0' and GdC_-6%0 spectra studied.

8.4. Transition Elements

This section covers all the transition elements except the

rare earths. The references presented deal with absorption spectra and

fluorescence, and are a set of selected references picked from those

that appeared before early 1963. _e chief source of these references

was Chemical Abstracts but Nuclear Science Abstracts were also used°

Many of the references are annotat_i. When both absorption spectra and

fluorescence are discussed in one article the entry is made only in the

Absorption Spectra section. Inforn_tion on energy levels is to be found
in both sections.
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8.4a. Transition Elements Spectra

Ackerman, R. J., Thorn, R. J. and Winslow, G. H., Visible and U.V. absorption

properties of uranium dioxide films, _. 0__t. Soc. Am. 49 [ll]3

ll07- ]2 (1959).

Addison, C. C. and Gatehouse, B. M., The infrared spectra of anhydrous
transition metal nitrates, Chem. and Ind. (London), 464 (1958).

Addison, C. C. and Gatehouse, B. M._ The infrared spectra of anhydrous
transition-metal nitrates, J. Chem. Soc., 613-16 (1960).

Allpress, J. G. and Hambly, A. N., infrared spectra of uranyl compounds.

I. Uranyl nitrates, Australian _. Che___mm.12, 569 (1959).

3800 - 700 cm -I

Anti E1 Sayed, M. F. and Sheline, R. K., Infrared spectrum and structure

of the Ni(CN)4-4 ion, J. Am. Chem. Soc. 80, 2047 (1958).

Antipova-Karataeva, I. I., Investigation and interpretation of absorption

band spectra of crystals colored with chromium ions, Optika i Spectro-

skopiya 7, 263-5 (1959).

Cr +++ in aqueous solutions, KCr(S04) _ .12_0, and ruby over the range

200 - 1200 mp.

Antunes, M. T., The energy values of the 3d64p electronic configuration

of cobalt, P__s. Rev. 62, 362-8 (1942).

Appel, J., Electric and optical properties of silver telluride, Z.

Naturforsch. 10a, 550 (1955).

Armstrong, A. M., Brearley, A. and Warren, I. H., Uranium antimonides,

arseni_es, phosphides, selenides, sulfides, and tellurides - an

annotated bibliography, Can. Uranium Res. Found. Bibliog., No. B-43

25 pp. (1961).

Spectral information included.

Arneth, R., Infrared absorption of ZnO crystals, Naturwissenschaften 45,

282 (1958).

i to ]2 _. High transition in visible and near IR.
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Arneth. R., Absorption of ZnO single crystals in the infrared_ Z. Physik
155, 595 (1959).

Pure and doped ZnO crystals i0,000 and 700 cm-I.

Asprey, L. B. and Keenan, T. K., Quadrivalent americium and cerium; the

absorption spectra of the tri- and tetrafluorides of these elements,

J. Inorg. and Nuclear Chem. 7, 27-31 (1958).

o
Cm_ and AmF 4 over range 3500 - 20,000 A was observed.

Babaeva, A. V., Kharitonov, Yu. Ya. and Novozhenyuk, Z. M., Infrared

absorption spectra of complex compounds of iridium (III) with an

inner sphere sulfito group, Zhur. Neor_g. Khim. 6, 2263-80 (1961)o

Bader, W. and Westland, A. D., The electronic spectra of MoC_ and
NbC15, Can. J. Chem. 39, 2306-15 (1961).

Visible spectra of MoC_ and NbC1 s in solution.

Ballhausen, C. J. and Winther, F., 1_sorption spectra of some vanadium
(III) fluorides, Acta. Chem. Scand. 13, 1729-32 (1959).

Bancie-Grillot, M., et al., Rays of fluorescent emission and of light

absorption in pure cadmium sulfide crystals frozen to 4.2°K, Compt_
rend. 248, 86-9 (1959).

Absorption band (4853.1, 4857.2 and 4869.1 _) fluorescent emission

at (4856.8, 4861.4 and 4870 _).

Barcel_, J. R., The infrared spectrl_ of some metallic chelate compounds,

Spectrochim. Acta lO, 245 (1958).

Barraclough, C. G., Bradley, D. C., Lewis, J. and Thomas, I. M., The

infrared spectra of some metal alkoxides, trialkylsilyloxides, and

related silanals, J. Chem. Soc. 2601-5 (1961).

Beattie, I. R. and Tyrrell, H. J. V., The spectra of some solid cobaltic

nitroam_ines and certain other cobaltic complexes in the 2-15

region, J. Chem. Soc., 2849 (1956)..

Bedreag, C. G., The energy level of the elements 90-100, Acad. rep.

populare Romine (Iasi) St___udiicercet_ri stiint. 5, N_, Y/2_

87-94 (1954).
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Belford, R. Lo and Piper, T. S., Visible spectra of CuandNicchelates of
tetradentate Schiff's bases, Mol. Phys. 5, 251-55 (1962).

Benesl, H. A., Infrared spectrumof magnesiumhydroxide, J. Chem.PhySo
30, 852 (1959)o

Bicelli, L_ P., Infrared absorption spectra of somesalts of the sulfamic
acid. II° Zinc, copper, cobalt, and nickel salts, Rend. ist.
lombardo Scio, Pt. l, 91, 76 (1957). _ --

2-15 _o

Binc, Ro and Hadzi, D., Infrared spectra and hydrogen bonding in nickel

dimethylglyoxime and related complexes, J. Chem. Soc., 4536 (1959).

Blondi, M. Ao, Optical and infrared absorption of copper at 4.2°K,

Physo ReVo 96, 534 (1954).

2500-20,000 cm -I .

Block, Ho Ao, Vibrational study of the hexammine-cobalt (III) ion, Transo

Faraday SOCo 55, 867 (1959).

Co(NH s )eCl_ at 5000-4].6 cm -I.

Blokhinzew, D., The spectra of fluorescence and absorption of complex

molecules, J. Ph_so U.S.S.R. I, ll7 (1939).

Bloss, F. D., Relationship between light absorption and composition in

a solid solution series, Am. Mineralogist 40 [516], 371-97 (1955).

Series Ni(NH 4)s(SO 4)_.6%0 and Mg(NH 4)s(SO4)s'6_O.

Bonino, G. Bo and Fabbri, G., The infrared absorption spectrum of potassium

ferrocyanide, Attio accad, nozl. Lincei, Rend., Classe sci. fiso mat.

e nat° 19, 3_55_.

K4Fe(CN _ and its trihydrate at 4]-6-3333 cm"_.

Bonino, G. Bo and Fabbri, G., Infrared absorption spectrum of potassium

molybdenum octacyanide, Attio accad, nozl. Lincei, Rend°, Classe

SCio, fis., mat. e nat. 2-_-,560_-_56].

Bonino, G. Bo and Fabbri, G., Infrared absorption of potassium cobaltic,anide

in the crystalline state and in solution, Atti. accado nazi, Lincel,

Rend., Classe Sci. fls., mat° e nat. 21, 2_-[195-_?.
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Bonino, G. B and Salvetti_ 0., Infra, red absorption spectrum of crystalline
potassium ferrocyanide, Ricerca Sci. 26, 3627 (1956).

400-600 cm -I and 2000-2100 cm -I.

Bor, G. and Marko_ L., Infrared spectrum of dicobalt octacarbonyl,

Spectrochim. Acta, 747 (1959)f

C%(C0)e in the LiF region.

Bovey, L. Fo H., An extension of the analysis of the yttrium spectrum,

Proc. Physo Soc. (London) 68 A, 79-80 (1955).

Bovey, Lo and Steers, Eo B. M., The optical spectra of plutonium in the

1-2. 5 W region, Spectrochim. Acta 16, 1184-99 (1960).

Bovey, L., Steers, E. B. M. and Atherton, N., The optical spectra of

some rare earth and transuranic elements in the i-3_ region.

II. Wave length measurement a_l spectrum of plutonium (Pu 239 ),

At. Energy Research Estab. (Gto Brit. ) R 2977, 13 pp. (1959).

Brodin, M. S., Optical properties of CdS single crystals, Fiz. Tverdogo

Tela. 2, 2152-7 (1960).

Brame, E. G., Jr., Cohen. S., Margrove, J. L., and Meloche, V. W., Inf_Lred

spectra of inorganic solids, J. Inorg. and Nuclear Chem. 4, 90 (1957)o

Li_%, Li_%o8_0, N%%, N%%.8%0, N%%.8D_O, Na%, K%, Ca%,
CaO_ _8_0, SrO_ and Ba_" 667-5000 cm -I.

Brame, E. G., Jr., Johnson, F. A., Larsen, E. M. and Meloche, V. W.,

Infrared spectra of inorganic solids. III. 0ctacyano complexes

of tungsten (IV), (-V) and Molybdenum (IV), (-V) dehydrate and

and anhydrous, _. In____org.and Nuclear Chem. 6, 99 (1958).

8 octacyano complexes in 2-23 I%°

Brame, E. G., Jr., Margrave, J. L. and Meloche, V. W., Infrared spectra

of inorganic solids, J. Ino_. and Nuclear Chem. 5, 48 (1957).

667-5000 cm -I

Li_N,C%N, BN, Am, Mg_N_,Z_N 2, B_%, C%%,G_%,
A_%, B_C, SiC, M%B, CrN, ZrB= and TiB_
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Brazdzhyunas, P. P. and Vishchakas, Yuo K o, Optical properties of poly-

crystalline layers of cadmium selenide, Lietuvoso T°SoR. Mokslu

Akad. Darbai Ser. B0, No. 4, 2] (1956)o

Brearley, A. and Warren, I o H., Uranium nitrldes - an annotated bibliography,
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8.5o Glass

This section is divided into three parts: i. Rare Earths -

all types of references on rare earths in glasses, especially spectra and

fluorescence] 2° Absorption Spectra and Fluorescence - the general spectra

of glasses of various types, and the fluorescence in glasses of ions other
than rare earths] and 3. Structure - a collection of most of the references

on glass structure, especially those that are based on spectra (and references

dealing with structure, based of spectral information is included in this

part and not in 2)° The chief source of these references has been Ceramic

Abstracts up to and including the _@_rch, 1963, issue. This was supplemented

by the use of Chemical Abstracts.

8.5ao Rare Eamth Glasses

TT

Buttner, Ho, The application of ra_._ earths to ceramics, Keram Rundschau

24, 267 (1.936)o

_tyrok_, Vo, Glasses colored with N£_0 s and V_Os, Glastech° Bero 18 [l]j
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Polytech. Scand. Chem. Met. Set No. 12, 21 pp. (1960).
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Vickery, Ro C. and Sedlach, Ro, Absorption spectra of rare earths in glasses,

Nature 18114601], 39-40 (1957).

Weidert, No, Rare earth elements in glass, Natl. Glass Budget 45, No° _),

14 (1929).

A review°
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8.5b. Spectra of Glasses

Adams, R. V. and Douglass, R. N., Infrared studies on various samples of

fused silica with special refexenc'e to the bands due to water, J.
Soc. Glass Tech_B1. 43, 147T-158T (1959).

Aglan, M. A. and Moore, H., Colors of cobalt in glass, J. Soc. Glass

Technol° 39, 351 (1955).

Visible absorption spectrum of cobalt in various glasses is given.

Cobalt as the divalent ion, is pink colored glass if in sixfold

coordination with oxygen, and blue color when in fourfold.

Anderson, S., Bohon, R. L. and Kimpton, D. D., Infrared spectra and atomic

arrangement in fused boron oxide and soda borate glass, J. Am. Ceram.

Soc. 38, 370-377 (1955).

Bachman, G. S., Effect of coloring oxide additions on the spectral

transmission of a soda-lime-silica glass, Glass Ind. 28 [12],

630-34, 652 (1947).

Visible and infrared transmissions of coloring oxides Va, Cr,

Cu, Fe, Co, Ni, Nd, Pr, Sm, and U in a base glass were investi-

gated.

Bachman, G. S., Infrared study of the structure of glasses prepared by

melting crystals, Glass Ind. 29 [8], 435-37 and 466 (1948).

Bailey, A. C. and Woodrow, J. W., The phosphoresence of fused quartz,

Phi___L____.6, 1104 (1928).

Bamford, C. R., Study of the magnetic properties of iron in relation

to its coloring action in glass I and II, Phys. and Chem. Glasses
l, 159-64 and 165-69 (1960).

Good coverage Fe+z and +s. A complementary study was the optical

transmission properties in the visible and near IR.

Bamford, C. R°, Study of the magnetic properties of iron in relation to

its coloring action in glass: III, Iron in sodium silicate glasses

and sulfur-amber coloration, Phys. Chem. Glasses 2, 163-68 (1961).

Visible and near infrared spectra studied.

Bates, T. and Douglass, R, W., Absorption bands of Cr+s ion in solutions,

crystals and glasses, J. Soc. Glass Technol. 43 [213], 289-307T

(1959).
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Brewster, Go Fo and Kreidl, N. J., Color of iron-containing glasses of

varying composition, Jo Soc. Glass Technol° 35 [167], 332-406T
(1951)o

Color changes caused by composition variations in iron containing

silicate and silica-free glasses in terms of spectral transmission°

Bruckner, Ro and Scholze, Ho, Infrared bands of freshly prepared and

weathered B_O s glass, Glastechn. Ber. 31, 417-22 (1958).

rt

Bruninghaus, L., The red fluorescence of glass, J. _phys. radium [7], 2,
398-402 (1931).

A review.

Bues, W° and Gehrke, H. W., Raman and IR absorption spectra of molten

glassy and crystalline high-polymer phosphates, Z. anorg, u allgemo

Chem. 288 [5-6], 307-23 (1956).

Bues, W. and Gehrke, H. W., Vibrational spectra of metals, glasses and

crystals of sodium di_, tri-, and tetra_hosphates, Z. anorg, u.

allgem, chem. 288, 291 (1956).

Na 4 P_ 0T

NasPs01o glass and Na6P_O1s glass

Buzhinskii, I° M. and Bodrova, N. I., Spectral study of CdS and CdS-CdSe

colored glasses, Optika i Spektroskopiya 12, 387-95 (1962).

Canina, V. G., Optical absorption of energy levels in vitreous Ge0_,
Com____ptorend° 248, 1488-91 (1959).

Castner, T., Newell, Go S°, Holton, W. C. and Slichter, C. P., Note on

the paramagnetic resonance of iron in glass, J. Chem. Phys. 32 [3],

668-73 (1960).

Cleek, G. Wo and Scuderi, To G., Effect of fluorides on IR transmittance

of certain silicate glasses, Jo Am. Cer. Soc. 42 [12], 599-603 (1959).

Fluorides reduce the absorption at 2.75 _ water band, thus improving
as IR materialo

Cleek, G. W., Villa, J. J. and Hahner, C. H., Refractive indexes and trans-

mittances of several optical gZ_sses in the infrared, J o Opt. Soc°
Am. 49, 1090 (1959).

I0,000 - 2000 cm -I

13 optical glasses (8 flint)
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Cohn, B. E., Luminescence and crystalline structure, J. Am. Chem. Soc.

55,953-7(1933).

Zn borate glasses containing Mn show fluorescence when exposed

to ultraviolet light. The spectrum shows a band from about

5670-6750 AU with a maxima at 6100 AUo

Colbert, W. and Kreidl, N. J., UnusiAal colors produced by uranium in

glasses, Jour. Optical Soc. Amer. 35 [ll], 731-35 (1945).

Describes different fluorescence observed.

Day, E. and Rindone, G. E., Properties of soda alumlnosilicate glasses:

I. Refractive index, density, molar refractivity, and infrared

absorption spectra, J. Am. Ceram. Soc. 45 [10], 489-496 (1962).

Day, R. K., Glass Research Methods, Industrial Publications, Chicago

(1953).

Useful optical and light transmission information are given.

De Jong, J., Influence of different elements on the color and magnetic

susceptibility of glass, J. Soc. Glass Technol. 38 [181], 57-83T (1954).

I. Iron absorption in near infrared at 1.2 W due to ferrous
ions.

II. Titanium and chromium.

Dewulf, G., Infrared-transmitting glasses, Rev. opt. 33, 513-18 (1954).

AszSe

AszSs
I mm thickness, 50% transmission in range0.6 t_3_ and.2 to 15_

Douglass, R. W., Infrared observations of glass structures, in Progress

in Ceramics, ed. Burke, John Wiley and Sons, New York, 210-221

(1%1).

Florence, J. M., Allshouse, C. C., Glaze, F. W. and Hahner, Co H.,

Absorption of near-infrared energy by certain glasses, J° Research
Nat. Bur. Standards 45 [2], 121-28 (1950), RP 2118.
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Florence, J_ Mo, Glaze, Fo W° and Black, Mo Ho, Transmission of near

infrsred energy by some two- and three-component glasses, Jo Research

Natlo Bur° Standards 50 [a], 187-96 (1953), RP 2408.

Most silicate glasses have a region of strong absorption at wave

length of 2°7 _o This is caused by the pressure of _0 and CO2
in the glass°

Florence, Jo Mo, Glaze, Fo Wo and Black, M. No, Infrared transmittance of

Standards 55, 231 (Research Paper 2625) (1955).

Florence, J o Mo, Glaze, Fo W., Hahner, Co H° and Stair, Ro, Transmittance

of near-infrared energy by binary glasses, J o Am. Ceram_ Soc. 51
[12], 323_31 (1948)o

Lithia-silica and lead oxide-silica glasses have the highest

transmittance :in range 3.0-5.0 _ of all the glasses studied°

Florinskaya, Vo Ao, Infrared reflection spectra of sodium silicate glasses

and _heir relation to structure, "Structure of Glass," Proc° All-Union

Conf. Glassy State, 3rd, Leningrad 1959, 15_-68 (Pub° 19-_o

Florinskaya, Vo Ao and Pechenkina, Ro So, Reflection and transmission spectra

of potassium silicate glasses in the infrared, Doklad_Akad° Nauk
SoS°SoRo 91, 59 (1953).

Florinskaya, V. Ao and Pechenkina, Ro So, Investigation of the crystallization

products of glasses in the system Na_0-SiOe of infrared spectroscopy,

"Structure of Glass," Proc. Aft-Union Confo Glassy State, 3rd, Leningrad
1959, 135-.53 (1960)o E_-_lish translation)

Florke, Oo Wo, Silica crystals in glasses, Glastech. Bero 32, 1-9 (1959)o

,T

Foex, M., The infrared transparency of silica glasses prepared in the

solar oven under varying atmosphere, BUllo soc. chim. France, 767
(1954)o

3636 cm -I

Freytag, H.; Glasses which absorb_nfrared, Umschau. 45 [3], 35-37 (1941)o

Garino-Canina, Vo, Infrared absorption of vitreous silica, Cahiers Phys_

66, 29-41 (1956)o
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Gebbie, A. and Saker, E. W., Properties of amorphoussilenium in the
infrared, Proc. Phys. So__cc.(London) 64 B, 360 (1951)°

Se from visible to 2500 cm-1.

Genzel, Lo, Infrared absorption of glass in the range from 20°- 13600C,
Glastechn. Ber. 24, 55 (1951).

Genzel, L°, Measurement of the infrared absorption of glass between 20°

and 13600C., Glastech. Ber. 24 [3], 55-63 (1951).

Glaze, F. W., Transmittance of infrared energy by glasses, Am. Ceram.

Soc. Bullo 34, 291-4 (1955)o

Gott, 0., Glasses with special spectral properties, Glastech. Ber. 24 [2],

36-41 (1951)o

Grekila, R. B. and Root, H. D., Evaluation of several IR transmissive

glasses, Glass Ind. 40 [4]; 186-89, 212-14, 217 (1959).

Range 1 to 5 _ up.

Fifteen figures, three tables, and 25 references.

Hafner, H. C., Kreidl, N. J o and Weidel, R. A., Optical and physical

properties of some calcium aluminate glasses, J. Am. Ceram. Soc.

4_ [8], 315-23 (_958).

Glasses containing alkali oxides and iron oxide.

Harrison, A. J°, Water content and infrared transmission of simple glass,

J. Am. Ceram. Soc. 30 [12], 362-66 (1947)@

Heaton, Ho M. and Moore, Ho, Study of glasses consisting mainly of the

oxides of elements of high atomic weight, I. II. Sources of the

infrared absorption bands observed in the transmission curves of the

glasses. III. Factors determining the possibility of glass formation,

J. Soc. Glass. Technol. 41 [198], 3-85T (1957)°

IR transmission curves were determined over the range 1 to 15 _.

All have strong absorption bands in 3-6 _ region owing to _0

retained in glasses.

O

Houzlaux, Co, Infrared absorption spectra of some natural glasses between

2 and 24 microns, Geochim. et Cosmochimo Acta 9, 298 (1956).

Five tektites and two obsidions.
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Houziaux, L., Absorption spectra of some glasses in the infrared range of
2 to 24 _, Silicates Inds. 21 1112], 491-500 (1956).

lhara, M. and Yamamoto, T., Spectrophotometric study of colored glasses:

I. Spectrophotometric study of glasses colored by iron and manganese,
Yogyo Kyobai Shi 66 [750], 144--52 (1958).

350 - i000 m_

James, J° A. and Stanworth, J. E., Infrared transmission properties of

black tellurite glasses, j. Soc. Glass Technol. 38 [183], 421-24T
(1954).

Containing CuO, MnO_ or VmO s. (0.8 - 5.0 _)

Jellyman, P. E. and Procter, J. P., Infrared reflection spectra of glasses,

J° Soc. Glass Technol° 39, No. 189, 173T-92T (1955).

Jong, J. de, Influence of different elements on colour and magnetic

susceptibility of glass° I. Iron, J. Soc. Glass Tech. 38, 57-83T

(1954). .

Kiyoura, R°, Kawakubo, S. and Ito, Y., Mechanism of coloration of glass

by tetravalent and pentavalent vanadium, J. Japan Ceram. Assoc. 57
[635], 29-30 (1949).

Knapp, 0., Calculation of the refractivity of glasses, ,our. Soco Glass°

Tech° 24 [i01], 37-40T (1940).

Refractive index of 67 optical glasses.

Kolesova, V. A°, Structure of spodumene glass, Stroenie Veshchestva i

Spektroskopiya, Akad° Nauk S.S.S.R., 93-5 (1960).

Kreidl, N. J°, Recent studies of the fluorescence of glass, _. Opt. So___cc.
Am. 35, 249 (1945)°

Krischnalyar, No C°, On the fluorescence of didymium glass, Proc. Ind.

Ass. for Cult. of Sci. 8, 217 (1923)o

Kroger, Fo A°, Stevels, J. Mo and Botden, Th. P. Jo, Fluorescence of

sexivalent uranium in glass, Philips Research Reptso 3, 46-8 (1948)°

Emission and absorption bands are given.

Krogh-moe, J., The infrared spectra of some vitreous and crystalline

borates, Arkiv. Kemi. 12, 475 (1958)o

5000 and 667 cm-I
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Kumar, S°, Optical absorption of glasses containing ions with partially

filled 3d-orbltals: I. Absorption bands, Central Glass and Ceram.

Research Insto Bull. (India) 6 [3], 99-107 (1959).

Ultraviolet, visible and near infrared regions on alkali silicate

and aluminoborophosphate glass_es of Ti+s , V*a , Cr+S , Mu +S , Mn+z ,

Fe+Z, Fe +s, Cu+m, Co+s and Ni+_.

The color is due to the presence of absorption bands in or around

the visible region of the spectrum.

R+ 3+
S state ions (MS and Fe ) show we_k.absorption bands. The d

st S+ 2+ R_
state ions (Ti , M_ , Fe and Cu ) show one broad absorption

band and the f-state ions (Vs+, Crs+, Co+z and Ni+z) show two or

more absorption bands.

II. Energy levels, pp. 108-16. From the number and position of
the observed absorption band due to Tis+, ?s+, CrY+ MnS+, Fe z+

and CuR+ in alkali silicate glasses. The ions are probably

in octahedral coordination with 0R- In high B_O s glasses

Co z+ and NiR+ ions are present in hexacoordination state. So_z

silicate glasses Coz+ is present in tetrahedron coordination.

Energy levels corresponding to most of the absorption bands

are assigned when possible.

III. Coordination and structure, pp. 117-26.

Kumar_S. and Sen, Po, Optical absorption spectra of solarlzed Mn_+ and
+ ions in glass, Phys. and Chem. Glasses 1 [6], 175-180 (1960).

Lenwood, S. H. and Weyl, W. A., The fluorescence of Mn in glasses and

crystals, _. Optical Soc. Am. 52, 445-55 (1942).

Only Mn++ exhibits fluorescence in glasses or crystals,

this fluorescence varies from bright green to deep red.

compared to Co++ absorption and fluorescence in glasses.

In glasses
It is also

Moneim, Abd-El-, and Azm, Abor-El-, Spectrophotometric and magnetic studies

of glasses containing iron in relation to their structure, J. Sod.

Glass Tech. 38, I01-45T (1954).

Moore, H. and Winkelmann, H., Colors of nickel in glasses of various types

and their implications concerning glass structure, I. Types of absorption

spectra given by nickel in glass, J. Soc. Glass Technol. 59, 215-49T

(1955). - -- --

Transmission curves over the range 300-2300 m_.
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II.

III.

Detailed study of the absorption curves given by Ni in

glasses and certain sintered masses. 250-86T.

Studies of the absorption spectra of Ni in various solutions

and in certain organic compounds. Also the magnetic properties

of Ni in relation to its state in the glass. 287-313T.

Newroth, N., Effect of temperature on the spectral absorption of glasses

in the infrared, Glastech. Ber. 25 [8], 242-49 (1952).

1 to 5 _ at temperatures from 180 to 1300°C.

Potter, R. J.., Transmission properties of optical fibers, J. Opt. So___Ec.
Am. 51 [lO], 1079-89 (1961).

Gives measurements of light transmitted by singlechad glass
fibers.

P_idal, 0., Glasses colored with nickel oxide, Skl_sk_ Rozhledz 18 [5]:,

77-84 (1941).

Thorington, L., Russell, R., Jr., and Silverman, A., Effect of iron on

fluorescence in glass, Jour. _ner. Ceram. Soc. 29 [6], 151-58
(1946).

Sands, R. H., Paramagnetic resonance absorption in glass, Phy____s.Re___v.99
[4],1222-26(1955).

Spectroscopic splitting factors of 4 and 6 was found in all glasses

studied. Some were recorded as having g values near 2.

Schulz, H., Optical constants of glasses, Glash_tte 69 [35], 620-30;

[36], 653-55 (1939).

List of index of the refraction of many glasses.

Schweig, B., Colored glass - Yellow: II, Glass 18 [Ii], 314-16, 322
(1941).

With silver, cerium and titantllm, uranium, vanadium, nickel,

indium, praseodymium, chromium, and copper.
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Schwelg,B., Colored glass - green color, Glass 19 [I], 8-i0 (1942).

Chromium, copper, uranlum, and vanadium.

Blue color [3], 63-63, 71.

Light transmission values are given.

Sevchenko, N. A. and Florinskaya, V. A., The transmission spectra of

quartz glass in the region 2-24 _, 0ptlka i Spektrosk. 5, No. l,

z3-8 (1958)o

Simon, I. and McMahon, H. 0., Study of some binary silicate glasses by

means of reflection in infrared, J. Am. Ceram. Soc. 36, 160-164

(1953).

SimonA I. and McMahon, H. 0., Study of the structure of quartz, cristobalite,
and vitreous silica by reflection in infrared, J. Chem. Phys. 21,

23-3o (1953).

Stanworth, J. E., Cobalt in glass, J. Soc. Glass Technol. 32 [147],

22_-32T (1948).

The red color in cobalt glasses is due to Co++ . The blue color

arises from superposition of a strong absorption band in the red

caused by a relatively small prqportlon of anion complexes of the

type (Co0_), where 0B is an oxygen banded to Co atom on one hand
and to Si on the other.

Surodeikin, V. V., Absorption spectra of glasses of different composition

colored with oxides of copper, iron, manganese, chrome, cobalt, niakel,

uranium, and selenium, Opti_ Mekh. Pro___mmol0 [3], 5-9 (1940) •

Tomaschek, R. and Deutschbein, 0., Fluorescent observations in glass

structures, Glastech. Ber. 16, 155 (1938).

Volger, J. and Stevels, J. M., Further experimental investigations of the

dielectric losses of various glasses at low temperatures, Philips

Research Repts. ll [6], 452-70 (1956).

l_K to room temperature fused silica glass, alkali and alkali earth

silicates glasses, borates and borosilicate glasses, and a lead

phosphate glass.

Weyl, W., The fluorescence of glass, Sprechsaal 70, 578 (1937).

Weyl, W. A., Fluorescence of glass, Ind. Eng. Che___2m.34, 1034 (1942).
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Weyl, W. A., Colored glasses: I and II, Glass Ind. 25 [6], 262-63; [9];.

4o5- o6(1944).

Weyl, W. A., Colored glasses: II. Color of glasses produced by various

coloring ions, Jour. Soc. Glass Tech. 28 [128], 158-266T (1944).

All ions covered.

WeyA, W. A., The use of color and fluorescence indicators for determining

o÷....+..... glasses, Phys.17,

Weyl, W. A., Light absorption and emission of ions in glasses and crystals

as affected by asymmetrical electrical fields, _. Opt. SOCo Am. 37,
519 (1947).

Weyl, W. A., Fluorescence of atomic silver in glasses and crystals,

J. Electrochem. Soco 95, No. 2, 70-9 (1949).

Weyl, W. A., Coloured glasses, A Monograph of the Soc. of Glass Technology,

Sheffield lO, England (1951), 541 pp°

a) Coloring ions and color produced

b) Fluorescence.

Weyl, W. A., Schulman, R. J. G. and Evans, L. W., Fluorescence of atomic

silver in glasses and crystals, J. Electrochem. Soc. 95 [2], 70-79

(1949). --

In alkali halides, phosphate glasses and soda-lime-silicate

glasses.

Williams, D. J., Bradbury, B. T. and Maddocks, W. R., Studies of phosphate

melts and glasses, J. Soc. Glass Technol. 43 [214], 337-51T

Part III° Infrared spectra of some binary phosphate and phosphate-

fluoride glasses. (Range 2 _ to 15 _)

Yoroslavskii, No G. and Karyakin, A. V., Changes of the infrared OH

absorption band of microporous glass on low-temperature absorption

of oxygen and nitrogen, Doklady Akad. Nauk S.SoS.R. 85, ll03 (1952).

Colors of platinum, palladium, and rhodium in simple glasses, J. Am. Ceramo

Soc. 39 [5], 173-80 (1956).

.Alkali silicate, borate, and phosphate glasses.
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Proceedings of the Fifth International Glass Congress, Munich, 1959,

(V Internationaler Glaskongress, M_nlch, 1959). Verlag der

Deutschen Glastechnischen Gesellschaft, Frankfurt and Main,

Germany (1959), 574 pp.

Published as a special issue referred to as Glastecho Ber. 32 K

(1959)o --

Section Vllo Infrared transmission of glass. Most of the papers

are in English°

8o5C. Structure of Glass

Adams, R. Vo, Infrared absorption and the structure of glasses, Physo

Chem. Glasses 2, lOl-10 (1961).

Infrared absorption in glasses is reviewed.

Anderson, S., Investigation of structure of glass by their infrared ref].ection

spectra, J. Amo Ceramo Soc. 33 (2), 45-51 (1950).

Anderson, S., Bohon, R. L. and Kimpton, D. D., Infrared spectra and atomic

arrangements in fused boron oxide and soda borate glasses, J. Am.

Ceram. Soco 38 [lO], 370 (1955).

Absorption spectra are given.

Appen, Ao A., Coordination structure of silicate glasses, Steklo i Kersm_.

n [3],7 (195 ).

Bachman, Go S., Infrared study of the structure of glasses, prepared by

melting crystals, Glass Industr Z 29 [8], 435-37, 466 (1948).

Berger, E., Work of Wo Weyl on the constitution of glasses, Glastech.

Bero 13, 430-31 (1935).

A discussion of Weyl's work on colored glasses.

Brady, G. Wo, Structure of tellurimn oxide glass, J. Chem. Phys. 27,
5oo (1957)o

Chetverlkov, So Do, Relation between the optical properties of silicates

and their structure and composition, Vestnik Moskov. Univ. No. 6,

47-57 (1947)o
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Cole. H., The constitution of colored glasses, Jo Soc. Glass Tech. 51,
i00-113 (1947).

Condon, E° Uo, Physics of the glassy state, Am. J. Phys. 22 [2], 43-53 ;

[3], 132-42; [4], 224-32; [5], 310-17 (_54_.

In [5] fluorescence (etc.) is discussed.

Dauval'ter, A° No, Structure of glass, Steklo i Keram° 12, No. 3, 12
(1955). -- - --

Color of glasses is explained in terms of structure.

Demkina, L. I., The internal structure of silicate glasses, Glass 31,
497 (1954).

Dietzel, A., Structural chemistry of glass, Naturwissenschaften 29,

537-47 (1941).

Dietzel, A., The structure and properties of glass, G!astech. Ber. 22;
41-5o, 81-86, 2i2-24 (1948).

Very complete; discusses properties of ions, coloration, etc°

f

Dietzel, A., Indium sulfide glasses, Verres et refractamres 3 [6],

369-70 (1949).

Gerlovin, J. I., Glass structure according to infrared absorption spectra,

Compto rend. acad sci. U°R°S.S. 38, 126-7 (1943), (in English).

Hasegawa, Y., Yanagi, M. and Kawak_oo, S., Study of silicate glasses,

colored with tellurium, _ Kyokai Shi 65 [739], 179 (1957).

Color depends on the degree of reduction and by the yellowish,

green, pink, purple-pinkand red-purple.

Hiller, Jo E., Degrees of order in the structure of crystalline solids,
Naturwo Rundschan 6, 49 (1953).

Huckel, W°, Structural chemistry of inorganic compounds, Vol 2, Elsevier,
New York, (1950). (Book translated from German by L. H. Long.)°

Imaoka, Mo, Glass-formation range of systems of boric :.._de - Grou_

elements, Toky_____oDai_akuSeisan Gijutsu Kenkyusho HSkaku 6, 127-83
(1957).

Boricoxides with LimO, Na_0, _0, BeO, Mg0, CaO, SiO, BaO, A_0s,

Ti%, zr%, Th%, andW%.
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Jones j F. L. and Kreidl, N. J., Optical properties and the constitution

of glass, J. So___c.Glas___sTech. 33, 239-54 (1949).

Kolesova, V. A., Problem of the interpretation of vibration spectra of

the silicate glasses, Zhu____r.Ek__/sptl°i Teoret. Fiz. 26, 124 (1954).

Considers the 8=12, 12=13, 17-20 and 21 B vibrations that are

ascribed to the Si04 group.

Kreidel, N., Recent studies om the fluorescence of glass, J@ Optical Soc.

Am, 35 [_], 249-57 (1945)o

The narrowing of fluorescence bands indicate increasing symmetry°

The greater the enviromental effect, the lower the intensity and

the greater the shift toward red°

Kreidl, No J., The variability of the optical properties and the structure

of glass, Glass Indust_ 31; 573-5, 598-600 (1950).

Lawerence, W. G., Bibliography of glass structure, Glass Indust1v, 41-42.
In 14 parts, Vol. 41 (Parts 1-6)o Io 396; II.-I_; IIIo &92;

IV. 557; V. 630, and VI. 696. Volo 42 (Parts 7-14)o VII. 29;

VIII. 84; IXo 136; X. 201; XI. 254; XII. 390; XIII. 449, and

XIV. 511.

420 references from 292 authors for the period 1840=1952o

Lukesh, J. S., Application of crystal chemical principles to the problez_

of glass structure, Crystallographic So___c°,Annapolis, Md., March
(1947).

Machatschki, F., Crystal chemistry of non=metallic inorganic substances_

I., Naturwissenschaften 27 [40], 670-74; [41], 685-93 (1939)o

Complex silicates, glasses, aluminates, and tungstateso

Maruymma, R. and Kawakubo, S., Chromium=containing glass, Jo Ceramo

Assoc. Japan 59 [664], 482-85 (1951)o

Base glasses Nsm0-Si0_, NamO-CaO-Si0_, and Nsm0-_0s-SiOm. The
amount of chromium oxide with which clear green glass could be

obtained were 8.5% in soda-lime silica, 5% in soda-silica and 3%

in borosilicate glass.
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Matossi, F., Infrared spectrum and structure of glasses, Helvo Physo

Actao ll [6], 469-71 (1938)o

I.R. spectrum of silicate glasses.

Matossi, Fo, Infrared spectrum and the structure of silicates and glasses,

Glastecho Bero 16 [8]_ 258-63 (1938)o

Moore, H. and Winkelmann, Ho, Colours of nickel in glasses of various

types and their implications concerning glass structure, Soco Glass

_echo Jo 39, 215 (1955)o

Absorption spectra of nickel in glass, solutions, and certain

organic compounds are given°

Mortiz, Ho, Transparency of glasses_. Silikattech 3, 361 (1955)o

Randall, J. T. and Gee, No, Note on refractive index, atomic size, and

packing in glasses, Jouro Soc. Glass Techo 15, 41-53 (1931)o

Rayleigh, Lo, Double refraction and crystalline structure of silica, Glass

Proco Roz. So___Co98a, 284 (1920)o

Sawai, I., Current Japanese concepts of glass structure, Glass Industry

38, 197 (1957)o

Simpson, Ho Eo, Rubidium in lime and borate glasses, Glass Ind. 42 [4]_

189-93, 222-23 (1961)o

Glasses with as much as 50% Rb_O were produced°

Smekal, Ao, The nature of glass forming substances, Glastecho Bero 22,

278-89 (1949)o

Smekal discusses the importance of band type in glass formation°

Stanworth, Jo Eo, Physical properties of___, Oxford University Press_
London, (1950)o

Stevels# Jo Mo, The properties of optical glass in connection with its

structure, Verres et Refraco, 4-14 (Feb°, 1948)o

The relation between absorption and structure is considered.

Stevels, J. Mo, New light on the structure of glass, Philips Technical

Review 22, 300-311 (1961)o

With _ .................
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Thomas, R. H. 3 Atomic structure of glass, Ceram. Age 50, i15 (1947).

A compilation and bibliography of X-ray studies of glass
structure.

Thomaschek, Ro and Deutschbein, 0., The disclosure of glass structure

from fluorescence observation, Glass-Teck. Ber. 16, 155-63 (1938).

The fluorescence spectrum of Eu in solution and glasses were
studied°

Vogel, Wo, Crystallizations in phosphate glasses and their structure,

Silikattecho 6, 510 (1955).

Warren, Bo Eo, Structure of silica glass, Zo Krist. 86, 349 (1933).

Warren, Bo E., Geometrical considerations in glass, J. Soc. Glass Tech.

24, 159-65 (1940).

Based on X-ray study.

Westman, A. E. R. and Gastaganis, P. A., Constitution of sodium, potassium

and lithium phosphate glasses, J. Am° Ceram. Soc. 40, 293-9 (1957).

Weyl, W., Constitution and color of glass, Spechsaal 67, 405-6 (1934).

Weyl, W., Constitution of colored glasses, Ind. Ver. l, 107-10 (1934).

Weyl# W°, The constitution of glasses determined from optical researches,

_. Elektrochem° 41, 472-6 (1935).

Absorption spectra discussed for various glasses.

Weyl, W. Ao, Colored glasses, I. Constitution of colored glasses, Jo

Soco Glass Tech. 27 [122], 133-206 (1943).

Weyl, Wo Ao, Use of color and fluorescence indicators for determining

structure of glass, _. Applied Physo 17, 628-39 (1946).

Weyl, W. Ao, The dielectric properties of glass and their structural

interpretation, J. Soc. Glass Tech. 33, 220-38 (1949).

Weyl, Wo Ao, Glass formation in nonsilicate systems, Jo Chemo Ed. 27 [9],
520-24 (195O)o

Includes optical properties°
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Weyl, W. A., Significance of the coordination requirements of cations

in the constitution of glass, J. Soc. Glass Technol. 35 [167],

421-47T (1951)o

Weyl, W. A°, Nucleation crystallization, and glass formation, Sprechsaa].°
93, 128-36 (1960), (in English).

A review, and also a theoretical consideration°

Weyl, W. and Thumen, E., Constitution and color of chromium glasses,

Sprechsaal 66, 197-99 (1933).

Weyl, W. and Thumen, E., Constituticm of glass. II. Theoretical basis

of glass coloring, Glastecho Bet. ll [4], 113-20 _1933).

Weyl, Wo and Thumen, E°, Constitution and color of uranium glasses,

Sprechsaal 67, 95-97 (1934).

Light absorption was studied.

Winter, A., Glass formation, J. Am_ Ceram. Soc. 40, 54-8 (1957).

Wirkus, Co Do and Wilder, D. R., Uranium-bearing glasses in the silicate

and phosphate systems, J. Nucl. Mater. 5, 140-46 (1962).

Yajnik, N. A., Chand, R. and Jain, Do C., Magnetic evidence regarding the

valency of colorant ions in glass, J. Indian Chem. Soco 20, 169

(1943)o

Fe ions.

Zachariasen, Wo Ho, The atomic arrangement in glass, J. Amo Chemo Soc.

54 , 3841-51 (1932)o

Zhdanov, S° P°, Structure of borosilicate glasses, Doklady Akad. Nauk

S.S.SoR. 92, 597 (1953)o
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8.6. Organic Absorption Spectra

and Fluorescence

Just a few general references are presented from the vast

number that exist on these subjects. No thorough search was made of

these subjects, but it is thought worthy to present a few references

because of the laser action reported in organic liquids. The source

of these references was Chemical Abstracts which contain many more

articles on these subjects.

Albers, V. M., Knorr, H. V. and Rothemund, Po, Fluorescence of the

chlorophyll series, P__s. Rev. 49, 420 (1936).

Allen, A. J., Franklin, R. and McDonald, E., Correlation of fluorescence

spectra with chemical structure of some naphthalene derivatives,

Franklin Insto J. 215, 705 (1923).

Almosy, Fo and Schapiro, C. V., The fluorescence spectrum of benzene,

Phys. Rev. 35, 1422 (1930); Z. phys. che___2m.B 25, 391 (1934).

Almy, G. M., Fuller, H. Q. and Kinzer, G. D., The fluorescence of diacetyl,

Jo Chem. Phys. 8, 37 (1940); Phys. Re__zv.55, 238 (1939).

Almy, G. M. and Gilette, P. R., The quantum yield of diacetyl fluorescence,

J. Chem. Phys. II, 188 (1943); P_h_s. Rev° 63, 64 (19_3).

Barbaron, M. and Pesteil, P., Fluorescence of organic single crystals at

low temperature, Compt. rend. 236, 1763-4 (1953).

Birks, J. B. and Cameron, A. J. W., Crystal fluorescence of carcinogens

and related organic compounds, Pr__o__c.Roy. So___c.A 2h9, 297-317 (1959).

Benson, S. Wo and Porter, G. B., Infrared fluorescence of simple molecules,

J. Chemo Physo 26, 714 (1957).

Bowen, E. Jo, Fluorescence of n_phthacene in anthracene, J. Chemo Physo

13, 306 (19_5)o

Bowen, E. Jo and Mickiewicz, E., Fluorescence of solid anthracene,

Nature 159, 706 (1947).

Campbell, N., The fluorescence of organic compounds, Endeavour 5, 155 (1946).

Colombo, L., Infrared spectra of anthracene crystals, symmetry of

fundamental vibrations, Croat. Chem. Acta 33, lll-19 (1961).

More than 60 bands are reported in range 3-40 p.
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Curie, D., Energy transfer in inorganic luminescent crystals, J. Chi___2mo

Physo 55, 6O7__ (1958 ).

Various modes of energy transfers in crystals are reviewed°

Czekalla, J°, Schmillen, A. and Mager, K° J., Fluorescence spectra,

reflection spectra, and fluorescence relaxation times in crystalline

molecular compounds, Z o Elektrochemo 61, 1053-6 (1957)o

Organic compounds.

Dutt, S., Fluorescence in organic compounds, J. Ind. Chem. Soc. 7,

5o5-5o8 (1931)o - -

Eight compounds listed.

Fonda, G. Ro, The fluorescence of chodamine, _. Opt. So__coAmo 26, 316

(1936 )o

Gonguly, S, Co, Fluorescence of anthracene in presence of napthacene,

Nature 151, 673 (1943)o

Gonguly, So Co, On the study of absorption and fluorescence spectra of

some aromatic compounds, Ind. Jo Phys. 18, 347 (1944).

Herforth, Lo, Fluorescent organic _terials and chemical constitutions,

Wiss. Ann° 5, 744-53 (1956)°

A review with 27 references.

Hochstrasser, Ro M., The luminescence of organic molecular crystals,

Rev. MOdo Phy__s034, 531i 50 ( i_ ) _

A review with 70 references.

Kaskan, Wo Eo and Duncan, A. Bo F°, Fluorescence of solid acetone, _o

Chemo Phys_ 6, 223 (1948).

Lewis, Go No and Calvin, M., The color of organic substances, Chemo Rev.

25, 273 (1939).

Lewis, Go No_ Lipkin, Do and Magel, To T., Isomers of crystal violet°

Their absorption and re-emisslon of light, Amo Chemo Soc. Jo 64,

1774 (1942)o
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Lewis, G. N., Lipkin, D. and Magel, T. T., The light absorption and
fluorescence of triarylmethyl free radicals, Am. Chemo Soco Jo 66,

1579 (1944)°

Mc Nally, J. Co and Vanselow, W o, Measurement of the fluorescence of cellulose

acetate, cellulose nitrate and gelatin in UoVo light, Am. Chemo Soco

J. 52 , 3846 (1930)o

Obreimow, I. Vo, Prjchatka, Ao F. and Shabaldos, Ko Go, Fluorescence spectra

Of crystalline anthracene and phenanthrene, J. ex_. and theoro physo

U.S.S.Ro 6, 1062 (1936)o

0breimow, I° Vo and Shabaldos, Ko G_, Fluorescence of napthalene crystals,

Jo Ph[so UoSoS.R. 7, 141 (1943)o

Pauling, L., The light absorption and fluorescence of triarylmethyl free

radicals, Am. Chem. Soc. Jo 66, 1985 (1944)o

Pringsheim, Po, Thefluorescence of organic compounds in solution,

Faraday Soc. Transo 35, 28 (1939)o

Stimson, Mo Mo and Reuter, Mo A., _e fluorescence of some purines and

pyrimidines, Am° Chem. Soc. Jo 63, 697 (1941) °

Vandewalle, Mo, Absorption spectra of organic compounds. The free

electron gas model, Mededelo Vlaamse Chemo Vero 25, No° 2, 25-36

(1961 ). _

A review of light absorption in organic compounds.

Weiss, Jo, Fluorescence of organic molecules, Nature 152 , 176 (1943).

Wolf, H. Co, The electronic spectra of aromatic molecular crystals,

pp. l®81 in, Solid State Physics Vol. 9, F. Seitz and Do Turnbull

(Edso), Academic Press, New York(1959).

A general discussion including absorption and fluorescence with

ll7 references.
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8°7° Semiconductors, Optical Spectra

and Related Optical Properties

This list of references were not collected for this bibliography

but instead is a list that the author had made for another purpose, and

is therefore not complete or up to date° It is being Dresented because

of the laser action that has been reported in 8.1 (see Laser Section -

Holonyak and Bevacqua, Nathan, eto alo_ and Hall, et. alo)o It is based

on a survey of Chemical Abstracts for the period 1950-1961 but is not

complete even for these years° A few more recent articles are also
included°

Aigrain, P. and Cloizeaux, Jo des, 0ptic absorption limit and effective

mass of electrons in indium antimonide, Co_3_. rend° 241, 859 (1955)o

Baideen, J o, Theory of infrared absorption in silicon and germanium,

Phys_ Rev. 79, 216 (1950)o

Blunt, Ro Fo, Frederiske_ Ho Po Ro and Becker, Jo Ho, and Hosler, WoR.,

Electrical and optical properties of Intermetallic compounds.

IIio Aluminium antimonide, Ph_so Revo 96, 578 (1954)o

Blunt, Ro Fo, Hosler_ Wo Ro and Frederiske, H. Po Ro9 Electrical and

optical properties of intermetallic compounds. Iio Gallium

antimonide, Phys. Rev. 96, 576 (1954).

Borzyak, Po Go, Optical absorption and the photo effect for a semiconducting

antimony _ cesium photocathode at low temperatures, Tr.udy Insto Fiz.
Akado Nauk D_ro _o_._o 4, 28 (1953)o

Boswarva, Io Mo, Howard_ Ro Eo and Lidiard_ Ao Bo, Faraday effect in

semiconductors, Proc° Roy° Soc. (London) Sero A 269, 125-41 (1962).

Briggs, H. Bo_ Infrared absorption in high-purity germanium, J. Opt.
Soco Amero 42, 686 (1952)o

Single crystal Oe range 400 -15000 cm-1o

Briggs, Ho Bo and Fletcher, Ro Co, Absorption of infrared light by free

carriers in germanium, Ph_o Re__VVo91, 1342 (1953)o

Burstein, Eo, Bell, Eo Eo, Davisson, Jo Wo and Lox, Mo, Optical investi-

gations of impurity levels insilicon, _° Ph_o Chemo 57, 849 (1953)o

Burstein, Eo, Anomalous optical absorption limit in InSb, P_so Revo 93,_
632 (195_)o

Caldwell, Ro S_ and Fanj Ho Yo_ Optical properties of tellurium and

selenium, Physo Revo 14, 664 (1959)_
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Caunt, Ao D., Short, L. N. and Woodword, C. A., Roman and infrared spectra

of germanium tetrafluoride, Trans. Faraday So___c.48, 813 (1952).

Clark, Mo A. and Cashman, R. J., Transmission and spectral response of

lead sulfide and lead telluride, Phys. Rev_____.85, 1043 (1952).

PbS, 0.48 mm crystal at 2000 - 5000 cm -I

PbTe, 0. ii mm crystal at 1667 - 5000 cm -_ at 23°-72°K.

Cunnell, F. Ao, Edmond, J. T. and Richards, Jo L., Measurements on some

conducting compounds with the zinc-blende structure, Proc. Phys.

Soc. (London) 67 B, 848 (1954).

AiSb, GaSb, InAs, InP and GaAso

Dash, W. Co and Newman, R., Intrinsic optical absorption in single crysiml

germanium and silicon at 77°K and 300°K, Physo Re___Vo99, 1151 (19551).

Dixon, J. R., Optical absorption mechanisms in indium arsenide, Proc. Intern°

Conf. Semiconductor Phys., Prague 1960, 366-8 (Pub° 1961).

Dowd, J. J., Optical properties of selenium, Proc. Phys. Soc. (London)
64 B, 783 (1951).

Fan, H. Y., Infrared absorption in semiconductors, _° Progr. Phys.
19, 107 (1956).

Garlick, G. Fo J o, Infrared phosphor-semiconductors, Physo and Chem.

Solids 8, 449-57 (1959).

A review of infrared emitting phosphors°

Gross, Eo Fo, Optical and magneto-optical effects in semiconductor crystals,

Czechaslovo _o PhySo ii, 617-26 (1961), (in English).

Cubic C%0 is used as an example°

Hall, L. H., Bardeen, J. and Blatt, Fo J o, Infrared absorption spectrum

of germanium, Phys. Re___VVo95, 559 (1954)o

Horbeke, G. and Lautz, G., The infrared absorption of gallium telluride

and indium telluride, Zo Naturforsch 13 A, 775 (1958).
D

20° _ 650OK
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Hrostowski, H. J. and Kaiser, R. H., Infrared spectra of group III acceptors

in silicon, Phys. and Chem. So,lids 4, 148 (1958)o

Johnson, F. A., Fray, S. J. and Jones, Ro Ho, Lattice absorption bands in

indium antimonide, Proc. Inter_]o Conf. Semiconductor Phys., Prague,

1960, 349-53 (Pub. 19_)o

Absorption spectrum over range 15 to _w0 _o

Kaiser, Wo, Collins, Ro Co and Fan, H. Y., Infrared absorption of
p-germanium, Naturwissenschaften 40, 497 (1953).

285-6667 cm-i

Kaiser, W° and Fan, H. Y°, Infrared absorption of indium antimonide,

P__yso Revo 98, 966 (1955).

InSb between 5 and 500°K

285-3333 cm-_

Kirillov, E. A., Nesterovskaya, Eo Ao and Sal'denberg, Ao B°, The infrared

region of the absorption spectrum of interior centers in fine-grained

silver bromide and silver chloride emulsions, Pratsi Odes'k. Derzhav.

Univo im. Io I° Mechnikova, Ser. Fizo 148, No.,--_-_9-5_o

Kurmek, S. W. and Powell, J° M., Optical absorption in pure single crystal

indium antimonide at _ov_ and 78°K, ri_/_....... Rev. 116, ?_i-u_r_1. (1959).

Loferski, J° J., Infrared optical properties of tellurium crystals, Univo

Microfilms (Ann Arbor, Mich. ), Pub. N___o.4942; Dissertation Abstr° 13,
246 (1953).

Loferski, J. J o and Miller, P. Ho, Jr., Infrared properties of telluri_n,

P__ySo Revo 83, 876 (1951).

Lord, R. C., Far-infrared transmission of silicon and germanium, Phys.

Rev. 85, 140 (1952).

Si and Ge at 250-833 cm -i

Matossi, F., Infrared absorption of n-conducting indium arsenide,

Z° Naturforsch 13a, 767 (1958)o

Moss, T. S., Optical properties of tellurium in the infrared, Proc° Physo

Soco (London) 65 B, 62 (1952).

Moss, T. S°, Optical properties of semi-conductors, Butterworths Scientific
Publications, London (1959
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Moss_ T. S., Smith, S. D. and Hawkins, T. D. F., Absorption and dispersion

of indium antimonidg, Proco Phys. Soc. (London)70 B, 776 (1957).

1.5 - 7,5

Namba, M., Optical properties of silicon carbide in the infrared region..

j. ph_soSoc.Japan, 14, 228 (1959).

4000 - 666 cm -I

Newman, R., Optical properties of indium-doped silicon, ____AYs.Rev. 99,
465 (1955).

Oswald, F., The optical properties of indium phosphide in the infrared,

Z. Naturforsch 9a, 181 (1954).

657 - 12,500 cm -I

Oswald, Fo and Schade, R., Determination of optical constants of the

type AIII BIV semiconductors in the infrared, Z. Naturforsch 9a, 611

(195_),

657 - 12,500 cm-I

AISb, GaAs, GaSb, InP, InSb, and InAs

Powell, J° M° and Kurnick, S. W., Indium antimonide infrared filter, J.

Phys. 29, _]_9 (1958).

InSb (n-type) with 1017 donors/cc° are reported at 0° and 25°

Ramdas, A° Ko, Infrared absorption spectrum of silicon carbide, Proc.

Indian Acad. Sci° 37 A, 571 (1953).

Roberts, V° and Quarrington, J. E., Accurate measurements of absorption
in InSb and GaSb, J. Electronics l, 152 (1955).

Simon, Io, Optical constants of germanium, silicon, and pyrite in the

infrared, _o Opt. Soc. Amer. 41, 730 (1951).

600 - 2400 cm_I

Smith, Ro A., Electric and optical properties of certain sulfides,

selenides, and tellurides, SemiconductingM_terials, 198 (1951).
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Sosnowski, L., Optical transmissions in semiconductors, Postep.y Fi___z.8,
131 (1957)o

Review

Stern, F. and Talley, R. M., Optical absorption in p-type indium arsenide,
P__So Revo 108, 158 (1957)o

Turner, Wo J° and Reese, W. E., Infrared absorption in n-type aluminum

antimonide, Phys_ Revo ll7, 1003-4 (1960).

0°7 - 38 _o

Walton, Ao K. and Moss, T. So, The infrared Faraday effect in germanium,

Proco Ph!So Soco (London) 78, 1393-407 (1961).

Yoshinago, H. and 0etjen, R. A., Optical properties of indium antimonide

in the region 20 to 200 _, P__ys. Rev. 101, 526 (1956).

8.8. Crystal Growth

This is a selected bibliography of crystal growth that covers

in some detail the period 1957 to early 1963o This is planned for use

with the references in Van Hook or Buckley, and to bring up to date the

bibliographies of Wilke and Bennet (Crystal Growth - Part A). Some

of t_e earlier works of interest to laser materials is also presented°

It is based on a search of Chemical Abstracts through February, 1963,
and Ceramic Abstracts through March, 1963.

Abernethy, L. L., Ramsey, T. Ho, Jr. and Ross, J. W., Growth of yttrium

iron garnet single crystals by floating zone technique, _. Applo
Physo 32 [3 Suppl.], 376-77 S (1961)°

Aleksandrov, Bo Po and Andreev, G° A°, Influence of impurities on the

density of LiF single crystals, Fizo Tverdogo Tela 3, 2445-50
(1961).

LiF crystals grown from melt with small amounts of Na, K, Ca, Ba,
Fe, Ni, Cu, AI, and Mn fluorides.

Antell, G° Ro, A method of growing crystals of GaP and GaAs from the

vapor phase, Brit. J. _. Physo 12, 687-90 (1961).

Anthony, J. W., Hydrothermal synthesis of monazite, Amer. Min. 42, 904
(1957)o
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Arlett, R. H., Behavior of chromium in the system MgAI_O4-A_Os, J. Am.
Ceramo Soc. 45 [ii], 523-27 (1962).

Some work with flame fusion grown single crystals, optical absorption
O

spectra 3000 - 7500 A, and fluorescence spectra are given.

Augustine, F°, Study of methods for improving the quality of synthetic

quartz, PoB. Rept. 140124_ 19 pp. (1959)o

Austerman, S. Bo, Growth of beryllia single crystals, J. Am. Ceramo Soc.

46, 6-10 (1963)o

Two methods are given.

Austerman, So B° and Hopkins, A. R., Beryllium oxide single-crystal

growth° I o Alkali molybdate method, U.S. At. Energy Commo NAA-SR-
6452, 35 ppo (1962).

Bagdasarov, Kho S°, Berezhkova, G. V., and Kapustin, A. P., Growing

single crystals of zinc in an ultrasonic field, Primenenie Ul'traakust.

k Issled. Veshchestva, Moscow, Sb. No. 12, 41-4 (1960).

Barnes, M. H., Synthetic sapphire and spinel production in Germany,

FIAT Final Rept. 655, P.B. 17, 545, 17 pp. (1945).

The details of German apparatus (Verne_il) and process are

revealed for the first time.

B_rta, Co and Bauer, J°, Synthesis of monocrystals of bromellite by

Verneuil method: Preliminary communication, Chem. Listy 51,

158- 59 (1957)

V

B_rta, C. and Nigrinova, J., Synthesis of single crystals of alkaline

earth metatitanates by the Verneuil method, Rost Kristallov, Akad°

Nauk S.S.S.R., Inst. Krist. 3, 428-33

SrTiO s and BaTiO s

Barta, C., Pertr_, F° and HAjek,1" B., Preparation of scandium oxide single

crystal, Naturwissenschaften 45, 36 (1958).

S%0 s by Verneuil at 8 mm/hr

largest crystal - 45 mm long, 4 mm in diameter.
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Bashuk, R. P. _ Basaev 3 V. P., Tsadkina_ R. B. and Faivufovich, S. A.,

Hydrothermal synthesis of corundum with impurities, Kristallografiya
5, 666-7 (1960).

Can dope more Fe +++ for AI+++ than by the Verneuil method.

Bauer, W. H. and Gordon, I., Flame-fusion synthesis of several types of

silicate structures, J. Am. Ceram. Soc. 34 [8], 250-54 (1951).

Flame fusion is feasible for growth of many anhydrous silicates.

Bauer, W. H., Gordon, I. and Moore, C. H., Flame-fusion synthesis of

mullite single crystals, J. Am. Ceram. Soc. 33 [4], 140-43 (1950).

Bauer, W. H. and Keat, P., Crystal chemistry symposium: Crystal synthesis

research at Rutgers School of Ceramics, Ceram. Age 56 [5], 18-19
(1950).

Flame fusion.

Baumgaertel, R., _nganiferous single crystals of corundum, Chem. Tech.
(Berlin) 13, 615 (1961).

Grown by Verneuil method with varying amounts of MnO.

Belozorov, D. P., Kuiok, I. O. and Zil'berman, G. E., Distribution of

impurities in crystals grown from melts, Kristallografi_a 63 279-82
(1961).

Theoretical.

Belyaev, L. M., Koshuashivili, M. V., Chernyshev, K. S., Gorshtein, G. I.

and Nechaeva, V. S., Growing crystals of lead fluoride and chloride,

Rost Kristallov, Akad. NaukS.S.S.R., Inst. Krist. 3, 338-41 (1961)o

Grown in a high-temperature vacuum furnace°

Belyustin, A. V. and Portnov, V 1N., Effect of agitation and habit of a
crystal on the growth rate of its faces, Kristallografiya 7, 276-9
(1962 ).

Bennett, D. C. and Sawyer, B., Single crystals of exceptional perfection

and uniformity by zone leveling, Bell S.ystem Tech. J. 35, 637-60
(1956).
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Beun,J. A., Nitsche, R. and Boelsterli, H. V., After treatment of CdS
single crystals grownby vapor transport with iodine, Physica 28,

184-94 (1962).

Blackwell, G. R., Theory of the floating-crucible technique of crystal

growing, J. Electronics and Control 10, 459-63 (1961).

Borodina, M. Lo, Titanium dioxide (futile), Khlm. Nauka i Prom. & [3],

351-354 (1959).

A review of methods of preparations, properties, etc.

Braun, J. G. and Pellin, R. A., The shape of melt-crystal interfaces

during float zoning of silicon, Electrochem. So___c.108, 969-74

(1961 ).

Bro, P., Preparation of single crystals of some rare earth tellurides,

J. Electrochem. Soc. 109, lll0 (1962).
g

_Te s and MTee (where M = La, ,De, Pr, or Nd) were grown from

the vapor phase.

Brodovii, V. A. and Lyashenko, V. I., Preparation and electrical properties

of Sb_S s and SbmTe s single crystals, Ukr. Fiz. Zh. 6, 664-72 (1961).

Brown, C. S., Kell, R. C., Middleton, P. and Thomas, L. A., Influence

of impurities on the growth of quartz crystals from flint and quartzite,

Nature (London) 175 [4457], 602-603 (1955).

Brown, K. W., Chirnside, R. C., Dauncey, L. A. and Rooksby, H. P.,

Synthetic sapphires, G.E.C. Jour. 13, 53-59 (1944).

Budnikov, P. P. and Shishkov, N. V., Crystallization of beryllium oxide

from a gaseous phase, Doklady Akad. Nauk S.S.S.R. 138, 1093-4 (1961).

Budnikov, P. D. and Zlochevskaya, K. M., Synthesis of magnesium alumina

spinel, 0gneu_ory 23, lll-18 (1958).

Burton, Po Co, Kalb, E. D., Shlichter, W. P. and Struthers, J. Do,

Distribution of solute in crystals grown from the melto II,

J. Chemo Phys. 21, 1991 (1953).

Burton, P. C., Prim, R. C. and Shlichter, W. P., Distribution of solute

in crystals grown from the melt, I., J. Chem. Phys. 21, 1987 (1953).

Calverley, A., Growth of single crystals of refractory materials by the

method of floating-zone melting using electron bombardment heating,

Research (London) 14 []2], 462-66 (1961).
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Clark, GoWo and iefever, R. A., Process for crystalline growth employing
collimated electrical energy, U.S. 2,970,895 (Feb. 7, 1961).

Method.

Crocker, A. Jo, Crystal habit of GaAsand GaPgrownfrom the vapor phase,
_o Appl. Phys. 33 [9], 2840-42 (1962).

Method given.

Chester, P. F., Cross doDin_ a_ents for _.ti!e masers, Jo A_2__@ Physo
32 [5], 866-68 (1961)o

Ta and Nb; Cr and Ta.

Daimon, N., The rate of lowering the crucible in the Stockbarger technique,

Kagaku Zasshi 64, 1533-5 (1961).

An equation for figuring the proper lower rate is given.

Dashevskii, M. Yao, Titova, Eo M. and Khvostikova, V. D., The growth of

single crystals with equilibrilmu distribution of impurities by the

Czochralski method_ Trudy Inst. Met. im. A. A. Barkova No. 8,
143-8 (1961).

De La Rue, R. E. and Halden, F. A°, Arc-image furnace for growth of

single crystals, ReVo Sci. Instr. 31, 35-8 (1960).

De Vore, G. W°, Crystal growth and the distribution of elements, Journ.

Geol. 63, 471-494 (1955).

Distribution of elements within a crystal is explained.

De Vries, R. Co, Observations on growth of BaTiO s crystals from KF
solutions, Jo Am. Ceram. Soc. 42 [ll], 547-58 (1959).

Dilaktorskii, N. L., Synthesis of some minerals of the spinel group,

Zapiski Vserossiiskogo Mineral. Obshchestva 68 [1], 18-26 (1939).

A review of all known spinel minerals and their composition and

physical properties. Also a slhort description of the methods°

Druyhinina, No Ko, Preparation of artificial diaspore, Doklady Akado
NaukS.S.S.R. 88 [1], 133-34 (1953).
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Duncanson, A. and Stevenson, R. W. If. Properties of MgF_ crystallized
from the melt, Proco Phys. So___c.iLondon) 72, 1001-6 "(1958 ).

Grown ice vacuo by the Stockbarger technique°

Crystal structure tetragonal Sn0_ type.

Mean dielectric constant is 5.26.

Ebisuzaki, Y., Preparation of monocrystalline cuprous oxide, _. Applo

Phys. 32, 2027-8 (1961)o

Eckstein, J o and Jindra, J., Advances in the technique in growing single

crystals from a melt, Rost Kristallov, Akad. Nauk S.S.S.R., Inst.

Krist. 3, 300-7 (1961)U----

A review with 15 references.

Emel'yanova, Eo N. and Zigareva, T. A., Tourmaline growth in hydrothermal

conditions, Kristallografiya 5, 955-7 (1960).

Evers, J., Synthetic chromium-colored spinel, Thesis Konigsberg (1936)

4O pp.

Those with little Cr were green, higher Cr ones showed only

green and ruby red.

AbsOrption curves show a maximum at k 5893 and at 5016.

Ferretti, A., Arnott, R. J.# Delaney, E. and Wold, A., Cobalt ferrite

single crystals, _. Ap_lo Phy____s_32 [5], 905 (1961).

Fonda, Go Ro, The preparation of fluorescent calcite, Jouro Physical

Chemo 44, 435-439 (1940)o

Method of preparation is given.

Frondel, C. and Collette, Ro Lo, Synthesis of tourmaline by reaction of

mineral grains with NaCl-_BOs solution, Am_ Mino 42, 754-58 (1957)o

Frondel, Co and Collette, R. Lo, Hydrothermal synthesis of zircon, thorite

and huttonite, Amer. Min. 42, 759-765 (1957).

Frondel, C., Hurlbut, C. S., Jr. and Collette, Ro C., Synthesis of

tourmaline, Am° Mineral° 32, 680-81 (1947)o
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Fuchs, L. H°, Formation and properties of synthetic thorite crystals,
Am.Min° 43 [3-4], 367-68 (1958).

Fujisaki, H. and Tanabe,Yo, Crystal growth of CdSin the vertical
furnace, J. Phys. Soc° Japan 15 [1], 204 (1960).

Production of large single crystals by the sublimation method°

Frankel, J. J., Crystals of artificial cassiterite, Mineralog. Fag. 28,
111-17 (1947).

_o_mel, .T. _ _na Worden, _- _, _ _1, S_mthetic mica c._sta! _w+_

program, P°B. Rept. 155154 ,lll pp.; U.S. Govt. Research Repts.
35 [6],7 8-(1G U.

_.B. Rept° 155155, 75 ppo
P.B. Rent. 155156, 65 pp.

Froemel, J. G., Worden, E. Co and Hessinger, P. S., Synthetic mica

crystal growth program, PoB. Repto 155157, 77 PP.; U.S. Govt.

Research Repts. 35 [6], V9_ (1.----9_).

Gambino, R. J o and Leonhard, F., Jr., Growth of barium ferrite single

crystals, Jr. Am. Ceram. Soc. 44, 221-24 (1961).

Geist, D. and Grosse, P., The growth conditions for the Czochralski

method, Zo Angew. Phys. 14, No. 2, 105-8 (1962).

Gildart, L. W. and Powell, J. A., Synthetic stibnite crystal and method

of production, (Ky° Research Found.), U.S. 2,968,014 (Jan. lO, 1961).

Gillis, Eo M., Single crystals of metal oxides, Ind. chimo beige 26,

624-30 (1961)o

Verneuil with electrical heating.

Goodman, G., Electrical conduction anomaly in samarium doped barium

titanate, J. Am° Ceram. Soc. 46, 48-54 (1963).

Czochralski grown crystals, the method is discussed.

Gordon, W° T., Chemistry of gemstones, Endeavour 2 [7], 99-104 (1943).

The formation of artificial ruby and sapphire in Verneuil inverted

blowpipe is described and illustrated in color.
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Gorina, Yu. Io and Maksimova,G. V., Growing single crystals of strontilnn
titanate of a nonstoichiometric compOsitionby Verneuil's method,

c. Inst. Krist. 3, 460-2 (1961)oRost Kristallov, Akad. Nauk S.o.S.R.,

Giess, E. A., Growth sequence of gadolinium-iron garnet crystals in molten

Pb0-B_0 s solutions, J. Am. Cer___ja_m.So___cc.45 [2], 53-55 (1962).

Grinberg, D. Ko de, Growing of cadmium single crystals, Can. J. Phys. 39,

1919-21 (1961).

Guggenheim, H., Growth of single crjstal calcium fluoride with rare earth

impurities, Jour. of Applied Physo 32, 1337-38 (1961)°

Gyulai, Z., Survey of the crystal growth processes (Germ), _. Physo 125,

i (1948)°

Hale, D. Ro, Hydrothermal synthesis of quartz crystals, Ceram. Age 56

[5], 22-24

Hargreanes, C. Mo, Growth of sapphire micro-crystals, J. _. Phys. 32,
936-8 (1961).

From the vapor phase.

Hartmann, H., Influence of growing conditions on the luminescence properties

of zinc sulfide single crystals, Monatsber° Deuto Akad. Wiss. Berlin 4,

No. l, 5-8 (1962).

Hartmann, H. and Treptow, H., Growth of zinc sulfide single crystals from

the vapor phase, Monatsber. Deut. Akad° Wiss. Berlin 2, 670-3 (1960).

Hayek, E., B_hler, W., Lechleitner, J. and Petter, H., Hydrothermal

synthesis of calcium apatites, Z. anorgo u. allgem. Chem. 295 [3-4]3

241-46 (1958).

Helmer, J. C., Research on molecular and atomic resonance devices, UoS°

Dept. Como, Office Techo Serv°, PoB. Rept. 146, 790, 49 ppo (1_6_).

Crystal growing techniques are discussed.

Hiester, No K. and De La Rue, R. E., The image furnace as a research tool,

ARS Journal 30, 928-38 (1960).

A review with 86 references° (Includes crystal growth°)°

Hirthe, Wo M. and Brittain, J. 0., Dislocations in rutile as revealed

by the etch-pit technique, Jour. Am° Ceramo Soc. 45 [ll], 546-54

(1962). -- --
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Horn, F. Ho, Growth of single crystal iron ferrites by Czochralski method,

J. Ap___ploPhys. 32 [5], 900-901 (1961)o

Horn, F H., Barium titanate crystals grown from the melt, J. Applo Physo

33, NOo 4, 1615-16 (1962).

In and Ir crucible in a C0_ atmo

Horn, F. Ho, Preparation of single crystal cobalt ferrites from the melt,

J. Appl. Ph___yo33 [9], 283_-2834 (1962).

Hoselitz, K., Single-crystal ferrite research, Brito Communo and Electron°

9, NOo l, 23-7 (1962)°

A review, including methods of growth_

Houten, S° van, Preparation of single crystals of cadmium oxide, Nature

195, 484-5 (1962).

Howe, S. and Elbaum, C., The occurrence of dislocations in crystals gro_n

from the melt, Philo Mayo 6, 1227-40 (1961)o

Work was done on single crystals of AI grown by the Czochralski
method°

Hummel, Fo A., Synthesis of uvaronite, Am. Mineral° 35 [314], 324-25

Chrome garnet.

Hurle, D. T. J., Constitutional supercooling during crystal growth from

stirred melts. I. Theoretical, Solid-State Electronics 3, 37-44

(1961).

An example using the Czochralski technique is given°

Ikeda, T. and Fushimi, S., The growth of Pb(Zr,Ti)O 3 crystals, J. Physo

So___c.Japan 17, 1202-3 (1962).

Ikornikova, N. Yuo, Crystallization of carbonates from solutions of

chlorides, Rost Kristallov, A_d. Nauk S.S.S.R., Insto Krist° 3,

421-7 (1961_.

Calcite, rhodochrosite, and spherocobaltite were grown in a
200 cc autoclave°
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Ingerson, E. and Tuttle, 0. F., Artificial willemite needles, Am.J.
Scio 245 [5], 313-19 (1947).

Ito, K, and Takahashi, T., Preparation of well crystallized 8-manganese
dioxide and measurementof its specific gravity, Kogy____oKa_ku
Zasshi 64, 1375-8 (1961).

Single crystals, having the rutile structure type, were grown.

Ivanov, A. S., Crystallographic modification of aluminumoxide, Trudy
Tsentral. Nauch.-Issledovatel. Lab. Kammei Samotsvetov Tr.,

"Russkie Samotsvety" No. 4, pp.-_-SB--_8).

Review of literature useful in the synthesis of corundum. Data

is given for all known modifications of A_0 s •

Jack, K. H. and Hetherington, G., The use of silica glass in the production

of single crystal silicon, Glas-Instr.-Tech. lO, 378-82 (1961).

Use of high-purity vitreous silica (commercially sold under the

name of Spectrosil) as crucibles to grow single crystal Si by the

Czochralski method.

Jansen, G. J., Magin, G. B., Jr. and Levin, B., Synthesis of bastnaesite,

Am. Mino 44 [1-2], 180-81 (1959).

Jost, J. M., Studies of optimum methods for quartz synthesis, P.B. Rept.

127661, 57 PP.; U._. Gov____t.Research Rept. 29 [6], 347 (19_8_.

Jones, D. A. and Jones, R. V., Growth of cadmium fluoride crystals from

the melt, Proc. Phys. So___c.(London) 79, 351-7 (1962).

By the Stockbarger process.

Kaishev, Ro, Molecular-kinetic theory of formation and growth of crystals,

Rost Kristallov, Akad. Nauk S.S.S.R., Inst. Krist. 3, 26-36 (1961).

Kapustin, A. P. and Kovalyunaite# V., Growth of aluminum potassium alum

crystals in an _ltrasonic field, Kristallografi_m_6+_805-7 (1961).

Study of the effect of ultrasonic field on growth rate.

Keppler, Uo, Synthetic single crystals of _-Ca_P_07, Naturwissenschaften
49, 446-7 (1962).

Hydrothermal growth.
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Khaimov-Mal'kov; V. Ya. and Perl'shtein, V. A., Effect of temperature

gradient of the oven on the distribution of impurities in a growing

crystal, Kristallografiya 4, 904-7 (1959).

Kiffer, A. D., Optimum conditions for growing single crystals of selected

borides, silicides, and carbides, U.S. Dept. Com., Office Techo Servo,
P.B. Repto 161, 792, 24 pp. (1960).

Single crystals of TiB_, WSi_., and M%C were grown with an arc
heating Verneuil apparatus.

King, V. J., Rapid method of crv stal growth and evaluation of thermo-

electric compound semiconductors, U.S. Dept. Com., Office Techo
Serv. AD 257 , 097, 22 pp. (1961).--

"Hand flame technique" from the melt. A cone-shaped furnace for

the Bridgman or Czochralski method, good up to 2000°C, is presented.

Kitano, Y., Park, K. and Wood, D. W., Pure aragonite synthesis, J.

Geophys. Re___So67, 4873-4 (1962).

Kooy, C. and Couwenberg, H. J. M., Zone melting of oxides in a carbon-

arc image furnace, Philips Tech. Rev. 23 [6], 161-66 (1961-62).

Single crystals of Ni0, Ti0_, l_mF%0 4 and others up to several
centimeters long were grown.

Kratochvil, P., Zone melting and production of crystals, I. and II.,

Porkroky Mat., Fys. Astronom. 4; 195-213, 430-8 (1959).

Review of theory and practice with 55 references.

Kremers, H. C., Synthetic optical crystals, __Ind"Engo Chemo 32 [ii],
1478-83 (1940).

Tithium fluoride - up to 8 ibs.

Sodium chloride - up to 25 ibs.
Sodium nitrate

Grown from molten salts. A 25-1b. crystal requires lOdays to

grow, and as long to anneal.

Kren, E. and Szabo, P., A simple method for the production of large single

crystals of low-melting metals, Magyar Fiz. Folyoirat 9, 161-3

(1961)o

Details and schematic diagram of a vacuum furnace are given.
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Kubo, I., Crystal growth of zinc oxide by chemical reaction of zinc

fluoride with air, J. Phys. Soc. Japan 16, 2358-9 (1961).

Kulik, I. O. and Zil'berman, G. E., Distribution of an impurity in the

growth of a crystal from a melt, Rost Kristallov, Akad. Nauk S.S.S.R.,

Inst. Krist. 3, 85-9 (1961).

Theoretical°

Kuznetzov, Vo D., Crystals and crystallization, State Publ. Tekhn.-Theoro

Lit,, Moscow (1954).

Appended bibliography of 700 items.

Laudise, R° A., Kinetics of hydrothermal quartz crystallization, J. Am°

Chem° Soc. 81, 562-66 (1959).

Laudise, R. Ao, Growing oxide crystals, Bell Lab. Record 40, 245-50 (1962).

CaWO 4, BaTi03, YsFesOI_, and quartz are discussed.

Laudise, R. A., Hydrothermal synthesis of single crystals, in Progress

in Chemistry, Vol. III, pp. 1-45; F. A. Cotton (Ed°)3 Interscience_

New York, (1962).

Laudise, R. A. and Kolb, E. D., Hydrothermal crystallization of yttrium

iron garnet on a seed, J. Am. Ceram. Soc. 45 [2], 51-53 (1962).

Laudise, R. A. and Nielsen, J. W., Hydrothermal crystal growth, in

Solid State Physics, Vol. 12, F. Seitz and D. Turnball (Eds.),

Academic Press, New York (1961).

Lefever, R° A. and Chase, A. B., Substitutional incorporation of divalent

iron in yttrium iron garnet, J. Chem. Phys. 32, 1575-76 (1960).

Lefever, R° A. and Chase, A. B., Analysis of surface features on single

crystals of synthetic garnets 3 J. Am. Ceram. Soc. 45, 32-6 (1962).

Growth processes of garnets grown from Pb0-PbF_ melts were
studied.

Lefever, R. A., Chase, A. B. and To]_y, J. W., Characteristic imperfections

in flux grown crystals of yttrium iron garnet, J. Am. Ceram. Soc°
44, 141-44 (1961).
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Lefever, R. A. and Clark, G. W., Multiple-tube flame fusion burner for

the growth of oxide single crystals, Revo Sci. Instr. 33, 769-70
(1962 ).

The burner is described that grew Y_O s single crystals _ in. in
diameter by i in. long.

Leftley, H. T., Boule manufacture. Wiede's Carbidwerk, Bavaria, B.I.0.S.

Final Rept. 558 , Item 22; P.B. 48,441; Dept. Com., Office of Tech.

Ser. (1945).

Spinel, sapphire, and ruby boules are discussed. The plant and

boule furnaces are described. A drawing of the Verneuil furnace
is given.

Lemmlein, G. G., Dukova, E. D. and Chernov, A. A., Growth of crystals

from vapors near the triple point, Kristallografiya 5, 662-5

(1960).

Leonova, E. N., The synthesis of secondary phosphates and arsenates of

uranium, _ Inst. Geol. Rudnykh Mestoroyhdenii, Petrogo, Mineral.

i Geokhim No. 30, 37-55 (1958).

Lierde, W. van, Strumane, R., Smets, Eo and Amelinchy, S., The preparation

of uranium oxide single crystals by sublimation, J. Nucl. M_ter. 5,
250-3 (1962).

Li, P. Co, Preparation of single-crystal graphite from melts, Nature 192 ,
864-5 (1961).

Single-crystal graphite films were produced on the surface of

melts of W, Zr carbide, Cr, Ni, Re, and Mo, in graphite crucibles.

Linares, R. C., Growth of refractory oxide single crystals, _. A_22_.
Phys. 33, 1747-9 (1962)o

Growth of various materials from molten PbO-PbF._ and Bi_O_-BiF 3
solutions.

Linares, R. C°, Growth of yttrium-aluminum garnet single crystals,

Jour. Am. Ceram° Soc. 45 [3], 119-20 (1962).

Linares, R. C., Growth of yttrium iron garnet from molten barium borate,

J. Am. Ceram° Soc. 45, 307-10 (1962).
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Linares, R. C., Ballman, A. A. and Van Uitert, L. G., Growth of beryl

single crystals for microwave applications, J_. Appl. Phys. 33 [iI],

32_9-i0 (1962).

Methods of the grown are given. (Flux growth of beryl crystals

containing transition metal ions. ).

Linz, A. and Herrington, K., Electrical and optical properties of synthetic

calcium titanate crystals, J. Chem. Phys. 28 [5], 824-25 (1958).

Flame fusion grovn.

Litvin, B. N. and Dem'yanets, L. N., Synthesis of single crystals of

cancrinlte, Kristallografi_a 6, 799-800 (1961).

Loh, E. and Newman, Ro, Infrared properties of flame-fused MnO crystals,

Jou_____r.Applied Phys. 32, 470-74 (1961).

Lorenz, M. R°, Preparation of CdTe crystals from near stoichiometric and

Cd rich melt compositions under constant Cd pressure, J. Appl. Phil_.

33, 3304-6 (1962).

Two approaches were tried, and the relative merits of earth are dis-

cussed.

Lothe, J. and Pound, G. M., Reconsiderations of nucleation theory, J.

Chem. Physo 36, 2080-5 (1962).

Lynch, R. T., Vapor growth of cadmium telluride single crystals, J_.

A_pl. Phys. 33, lO09-11 (1962).

Lyubov, B. Ya. and Temkin, D. E., Distribution of soluble impurities

during crystallization, Rost Kristallov, Akad. NaukS.S.S.R.,

Inst. Krist. 3, 59-67 (19-_.

Theoretical.

Mmlicsko, L., Theoretical principles of crystal growth, Fiz. Szemle 12,

172-81 (1962).

A review with 70 references.

M_rino, A. J., Jr., Research on growing crystals of ferrimagnetic oxides,

P.B. Rept. 36577, ll pp.; U.S. Govt. Research Repts. 32 [2], 255
- -

Magnesium, manganese, cobalt-substituted manganese, and cobalt

crystals were grown.
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Marino, A. J., Jr.. Research on growing crystals of ferrimagnetic oxides,

P.B. Rept. 14_043, lO pp.; U.S. Govt. Research ReptSo 33 [3], 321

(1960).

Mn.F%0 4 was grown by the flameiless fusion technique.

Marino, A. J., Jr., Lighty, P. E. and Muller, P. A., Research and develop-

ment for growth of single crystals by thermal fusion utilizing r.-f.

[radio frequency] heating, U.S. Dept. Co__mm.,Office Tech. Ser. A.D.
267, ]27, 9 PP° (1961)o

Two multipurpose crystal growth units were developed.

Mark, P., A simple method for preparing thin single crystals of naphthalene,

anthracene, biphenyl, p-terphenyl, and p-quaterphenyl from the vapor

phase, _. Naturforsch. 16a, 950-2 (1961).

Platelets up to 4 sq. cm in area and I0-i00 _ which were grown.

Marley, J. A. and Mac Avoy, T. C., Growth of stannic oxide crystals from

the vapor phase, _. Appl. Phys. 32, 2504-5 (1961).

Single crystals up to 30 x 4 x 2 mm were prepared.

Mathieu, J. P. and Couture-Mathieu, L., Raman spectra and crystal structures

of cupic chloride and of the double chlorides of copper and alkali

metals, J. Chim. phys. 50, 573-9 (1953).

Large Monocrystals are obtained by slow evaporation at 18° from
HC1 solution.

cuc4
cuc4 .2mi.2%0
M : (Rb,K, N%)

Matsushita, To, Ability of synthetic mica crystals to retain coloring

ions, Kogyo _agaku Zasshi 63, 1917-20 (1960).

Fe+++, Ni ++, Co++ , Cr+++, Mn++++, and Cu++ were used as coloring
ions°

Merker, L., Synthesis and properties of large single crystals of strontium

titanate, Trans. Am. Inst. Mining Met. Engrs. 202, 645-48 (1955).
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Merker, Lo, Sy_..thesis of calcium titanate single crystals by flame fusion
technique, Jouro Am. Ceram. Soc. 45 [8], 366-69 (1962).

Properties are also discussed.

Metz, E. P. A., Miller, R. C. and Mazelsky, R., A technique for pulling

single crystals of volatile materials, J. Appl. Phys. 33 [6], 2016-18

(1962 ).

Meyrowitz, R. and Ross, D. R., The synthesis of large crystals of andersonite,

U.So Geolo Surv_, Profess. Papers No. 424-B, 266 (1961).

cau% (co3),"6%0

Mgebrgan, O. I. and Dzhanelidze, R. B., The crystallization of MoOs,

Tr. Tbilissko Gos° Univ. 86, 433-7 (1960).

By sublimation.

Michel-Levy, Mo, Synthesis of tourmaline and of eremeevite, Compt. rend.

228 [23], 1814-16 (1949).

Blue-green and colorless tourmaline were obtained.

"Fe greatly facilitates crystallization."

Milevskii, Lo So, Pulsations in the growth rate of a crystal and their

effect on the structure and properties of the material obtained by

the Czochralski method, Kristallo_rafiya 6, 249-55 (1961).

Si single crystals were studied.

Mill, B. V., Hydrothermal synthesis of yttrium ferrite garnets, Kristallo-

grafiTa 7, 644-5 (1962).

Mill, B. V. and Naumova, I. I., Synthesis in the system YmOs-FesOs-_O ,

Kristallografi_a 6, 800-3 (1961).

Hydrothermal synthesis°

Mil'vidskii, M. G., The shape of the crystallization front and the

distribution of impurities in the cross section of a single crystal

grown from a melt by the Czochzralski method, Kristallografiya 6,

803-4 (1961).

Equations for distribution are given.
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Mita, Yo, The growth of zinc sulfide single crystals from flux, J. Phys.
SocoJapan 16, 1484(1961).

Using NaC1as the solvent flux.

Mita, Yo, Growth of zinc sulfide single crystals from flux, J. Phys. Soco
Japan 17, 784-7 (1962).

KCI was found to be the best flux.

_+= F R , ........ _, F. W. -_ VanT,_+_
technique for pulling oxide crystals without employing a crucible
susceptor, _. Applo Phys. 32 [5], 959-60 (1961).

Moore, Co Ho, Jr°, Formation and properties of single crystals of synthetic

futile, Am. Insto Mining Met. Engrs. Tech. Pub. NOo 2617; Mining Eng.
1 [6 - Sect° 3-UV3i_(i-_9).

Moore, C° H°, Merker, L° and Lynd, L. E., Observations on the flame fusion

growth and structure of rutile crystals, Abstracted in Am. Mineral°

35 [½], 7-28 (1950).

Mullin, J. W., Recent advances in crystallization, Brit. Chem. En__ggo7,
12-17 (1962 ).

Survey of the literature on nucleation, crystal growth and habit,
(82 references ).

Nakada, I., Growth of anthracene single crystals for scintillator, Oyo
Butsuri 30, 560-9 (1961).

Bridgman method°

Nakada, I., The optical properties of anthracene single crystals, J° Physo

So___CoJapan 17, 113-18 (1962).

Grown from the melt by the Bridgman method.

Nassau, Ko, Application of the Czochralski method to bivalent metal

fluorides, _o Appl° Phys. 32, 1820-1 (1961).

Ca, Sr, Ba, Co, and Mn bivalent fluoride single crystals; and

trivalent rare earth ions Ce, Nd, Sm, Eu, Gd, To and Yb in

CaF_.
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Nassau,K. and Broyer, A. M., Application of Czochralski crystal-pulling

technique to high-melting oxides, J. Am. Ceram. Soc. 45 [lO],

474-78 (1962).

Calcium tungstate, ferrites, rutile and barium titanate.

Nassau, K. and Broyer, A. M., Calcium tungstate: Czochralskl growth,

perfection, and substitution, J. Appl. Phys. 33 [lO], 306_-73

(1%2 ).

Describes the growth, etc. of CaWO 4 for laser's. CaWO 4 with Nds+,

PrS+, Ho3÷, and Tms_.

Nassau, K. and Van Uitert, L. G., Preparation of large calcium-tungstate

crystals containing paramagnetic ions for maser applications, _.

Appl. Phys. 31 [8], 1508 (1960).

Neuhaus, A., Methods and results of modern single-crystal growth, Chem.
Ingr. Tech. 28, 155-61 (1956). Translated to English by C. B.-_ch,

AEC-tr-_663.

Neuhaus, A., Growing of single crystals of mulllte, Keram. Z. 9 [8], _38

(1957).

Boule grown in a Verneuil-Neuhaus apparatus, (single crystal of

.SiO ).

Neuhaus, A. and Beckmann, H., Structural state of solutions and kinetics

of crystal growth in the system CuC_-_O, Fortschr. Mineral. 39,
33-6 (1961).

Neuhaus, A. and Brenner, P., Growth, habit, and color of hydrothermally

synthesized ruby, and a metastable A_Os phase, F0rtschr. Mineral.
39, 353 (1961).

A metastable form of A_Os(Crm03) that is green in color was
prepared.

Neuhaus, A. and Richarty, W., Growing of single crystals of mullite and

their constitution, Ber. deut. keram. Ges. 35 [4], 108-16 (1958).

Flame fusion.

Newman, R. L. and Goldsmith, N., Vapor growth of gallium arsenide, J.
Electrochem° Soc. 108, 1127-30 (1961).
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Nielsen, J. W., Improved method for growth of yttrium iron and yttrium

gallium garnets, J. Appl. Phys. [_.I 31, 51-52S (1960).

Nielsen, J. W o and Dearbarn, E. F., Growth of single crystals of magnetic

garnets, Phys. and Chem. Solids 5 K3], 202-207 (1958).

Nishimura, J. and Tanabe, Y., Synthesis of large CdS and ZnS crystals,

J. Phys. Soco Japan 14 [6], 850-51 (1959).

The method is given.

Nitsche, R., Bolsterli, H. U. and Lichtensteiger: M., Crystal growth by

chemical transport reactions. I. Binary, ternary and mixed-crystal

chalcogenides, Phys. Chem. Solids 21, 199-205 (1961).

Valuable tool for growing single crystals of many materials that

cannot be easily obtained from the melt. ZnS, ZnSe, CdS, CdSe,
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